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Abstract

The current global upsurge in the development of unconventional shale gas and tight oil starting from
the United States is resulting in increased economic benefits, including significant rise in job creation,
lower energy costs and improved security, new sources of govermment revenue, and improved energy
security. Also, there is a substantial decrease in greenhouse gas (GHG) emissions due to the develop-
ment of this unconventional natural gas resource. Increasing technological advances in directional
drilling, hydraulic fracturing and fracturing fluids have led to increases in unconventional shale gas
development, raising questions about health impacts. This paper gives a brief review of the physics
and thermodynamics of gas flow in such a low porosity and low to ultra-low permeability reservoirs. It
also looks at effects of such phenomena a gas desorption/desorption process, non-Darcy flow, gas
slippage (Klinkenberg effect), rock deformation caused by change in effective stress in ultra-low per-
meability reservoirs, hydraulic fracturing and environmental impact of flowback and produced fluids.
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1. Introduction

Unconventional reservoirs such as shale, hydrates, tight sand, ultra tight sand and coal bed
methane reservoirs serves as alternative sources to meet the increasing demand for energy
all over the world. The exploitation of unconventional gas reservoirs has become an integral
part of the global gas supply chain. The economic viability of many unconventional gas devel-
opments hinges on the effective stimulation of extremely low porosity and ultra-low permea-
bility reservoir rocks. Global shale gas reservoirs are thought to contain large amount of nat-
ural gas resources and are therefore attractive targets for energy development. Global esti-
mate of the gas originally in place in these reservoirs are quoted to be around 7,576.6 trillion
cubic feet (TCF), while tight oil is estimated at about 418.9 billion barrels !, This huge energy
resources need to be exploited for the benefit of sustaining global energy supply and the
econo[n;\y. Figure 1 shows global spread of technically recoverable shale gas reserves as at
2016 21,

Shale gas reservoirs are organic-rich petroleum system wherein the same rock formation
acts simultaneously as source, reservoir rock, sealing rock and the trap. Kerogen (organic
matter) is the precursor for tight oil and gas in shale. The pores contain mature oil and gas
Kerogen (organic matter) is the precursor for tight oil and gas in shale. The pores contain
mature oil and gas Gas is stored in the limited pore space of the rock and migrates solely in a
micro-scale. A sizeable fraction of gas is adsorbed on the organic materials [3-61, Figure 2
shows Scanning Electron Micrograph (SEM) of kerogen rapped within organically rich shale 71,
Gas is highly dispersed in the micropores of the reservoir rock, rather than occurring in con-
centrated underground locations. Many studies and a lot of progress have been made on the
development and production of shale gas reservoirs in North America, China and other coun-
tries, but the fundamental physics of flow in shale gas rocks and the engineering of fracturing
shale gas reservoirs are not yet fully understood. It is therefore essential to develop a critical
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understanding of the factors that underlie the complex behavior of gas flow in the reservoir
with a view to choosing the appropriate methods for optimal gas production froma given shale

system.
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Figure 1. New supply landscape of technically recoverable reserves [2]

Figure 2. SEM of kerogen rapped within organically rich shale [7]
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2. Technicalissues
2.1. Petrophysical parameters: porosity and permeability

The reservoir parameters necessary for shale gas accumulations include thermal maturity,
reservoir thickness, total organic carbon (TOC), adsorbed gas, free gas within the pores and
fractures, porosity and permeability 821, Thermal maturity is commonly measured in core
analysis and reservoir thickness is routinely derived fromanalysis of logs. Shale gas reservoirs
are complex and exhibit significant variationsin their petro-physical characteristics (mineral-
ogy, porosity, permeability, gas content, and pressure). In order to characterize the petro-
physical properties of the rocks with regard to capability to accumulate and transport reservoir
fluids, it is necessary to determine the values of these parameters, particularly porosity and
permeability.

Porosity of shale gas formations is key parameter that directly affects the volume of gas
initially in place in the reservoir. Together with the desorption characteristics of the shale rock,
it plays very significant role in the gas delivery potential of the reservoir. There are three
components of total porosity of a shale gas reservoir: porosity within natural fractures, which
provide flow conduits to a wellbore, intergranular porosity, which contains electrochemically -
bound water, capillary-bound water, and free fluids that are mostly presumed to comprise gas
(intergranular porosity is non-zero in the (petrophysical) effective porosity systemonly if the
shale is not electrochemically and compositionally ‘perfect’: it is always nonzero in the to-
tal porosity syste, and porosity associated with the organic content. Total porosity provides
an estimate of the total gas in place [*°,

Producibility of a shale gas reservoir depends greatly on permeability which is a key pa-
rameter for stimulation design and prediction of its flow capacity. Shale gas reservoirs have
unique characteristics due to their very low and ultra-low permeabilities. Permeability is en-
hanced by the presence, density, and continuity of natural, open fractures [*'l, Permeability
is associated with the presence of natural cracks/fractures in the rock which enable the flow
of reservoir fluids between pore spaces. Successful development generally entails hydraulic
fracturing in order to connect these natural fracturesto the wellbore. Permeability coefficient
is dependent on the size of pores, relative configuration of the rock-building grains, grain
grading and cementation, and rock fracture networks. Porosity and permeability in shales are
highly dependent on mineral composition, organic matter distribution, quantitative (%) con-
tent of organic matter, and thermal maturity of organic matter. Shale rocks, because of their
extremely low permeability (0.001 to 0.0001 mD), basically prevent any unrestrained flow of
hydrocarbons and therefore stimulation (fracturing) must be performed in order to connect
the pores to the borehole and allow for an unrestrained flow of gas.

2.2. Pore-network structure

Understanding of the internal structure of a shale rock sample is needed to calculate flow
in the bulk system[*21, Numerical simulation methods, using X-ray computed microtomogra-
phy (micro-CT) to scan internal structure of the rock sample from which a pore network is
extracted, coupled with digital rock physics analysis (DRP), will be useful in characterizing the
shale gas reservoirin terms of absolute and relative permeability and in quantifying the effects
of the pertinent factors on multiphase flow and well performance for long-term gas recovery [13],
Knowing the pore network structure also helps in estimating other parameters such as spatial
configuration of fluids in the pore spaces, wettability and its distribution, adsorption and de-
sorption, precipitation and dissolution, biocide fouling and biomass growth. Molecular simula-
tions have been gaining wide applications and are proving successful for the study gas ad-
sorption in shale gas reservoirs.

2.3. Gas adsorption

Knowledge of gas transport process in shale matrix is of great importance in designing
development strategies and in formulating appropriate predictive mathematical models for the
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complex multiphase behavior of the system. Knowing the contribution of each gas source to
gas transport history and to ultimate gas recovery is of great importance to design and man-
agement of gas development project.

Gas desorption is essential in understanding the production capacity of a shale gas
reservoir 14181 This is because, the shale can hold significant quantity of gas adsorbed on
the surface of organic matter (including clay) in shale formations [19-2°1, In shale, methane
molecules are mainly on the carbon-rich components, eg kerogen, which is usually quantified
in terms of total organic carbon (TOC). As the pressure decreases due to continuous gas
production from the reservoir, more adsorbed gas is released from solid to the gas phase,
contributing to flow and production. Mathematical models show that gas desorption rate varies
and can be divided into three stages: slow desorption stage, the large desorption stage, and
the final desorption stage [, It is critical to understand the multistage gas desorption process
in order to adequately analyze shale gas transport phenomena and reservoir flow capacity
necessary for designing production scheme for sustained economic gas recovery.

2.4. Geomechanicsrole

The effect of geomechanics is important and critical in gas production from shale for-
mations. It is therefore necessary to properly characterize the geomechanical properties of a
producing formation. Stress direction, optimum well trajectory and fracture orientation, rela-
tionship between matrix permeability, natural fracture permeability, and induced fracture per-
meability, and are of importance in designing stimulation schemes forincreased gas produc-
tion and minimization of environmental impact of fracturing operations Achieving reasonable
gas production rates requires to significantly lower well pressure to maximize pressure drops
in order to mobilize more gas to the well. This creates a large change in pressure field, leading
to change in effective stress that may cause large rock deformation. As a result, the aperture
and permeability of the micro channels and fracturesis altered, leading to significant decrease
in both fracture and matrix permeability and subsequent reduction in gas production [22-23],
Understanding the geomechanical behavior of unconventional shale gas systems throughout
the production period is gaining increasing importance. Geomechanical analysis of the stress
state in the reservoir leads to improved understanding of how to place and design wells for
maximum gas production efficiency and project stability.

2.5. Shale gas reservoir simulation

The behavior of shale gas reservoirs and the complex fracture networks are mainly poorly
understood. This poses a huge challenge for the petro-physicists who have to use more ad-
vanced techniques of research, especially in the nano- and macro-scale, and to the field en-
gineers whose function it is to design effective stimulation schemes for economic development
of the reservoirs. Different reservoir characterization methods for different scales are required
for better understanding of individual shale gas reservoirs.

The last decade has witnessed increased studies and developments for shale gas reservoir
resources [24-261 Comprehensive review of flow mechanisms in unconventional shale gas res-
ervoirs can be found in Blasingane 271, Gensterblum [281 and Wang et al. 2°1. Commercial
reservoir simulators and integrated workflow have been used to study gas production from
shale gas reservoirs [3°-321, However, current understanding of gas flow and effective tools for
the development of shale gas reservaoirs is still far behind the industry needs. It is therefore
very essential to identify the most critical parameters to be consideredin shale -gas flow mod-
eling for the development of stimulation tools adequate for a given reservoir.

3. Hydraulic fracturing and fracturing fluids
3.1. Hydraulic fracturing

Hydraulic fracturing has become a very common and widespread technique for practical
exploitation of shale gas reservoirs. Figure 3 presents a schematic diagram of shale formation
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for natural gas. As the formation is fractured, gas flows fromthe non-Darcy scale to the com-
plex fracture network and then to the well for production. According to Lee and Kim [33], the
features that characterize the non-linear behavior of the reservoir flow dynamics include nat-
ural fracture system, adsorption/desorption of gas, diffusion in nano-pores, gas slippage
(Klinkenberg effect), non-Darcy flow, and rock deformation caused by change in effective
stress. Figure 3 shows a schematic depiction of hydraulic fracturing for shale gas 341,
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Figure 3. Schematic depiction of hydraulic fracturing for shale gas [34]

An improved understanding of hydraulic fracture geometry and shale rock mechanics ena-
bles reservoir engineers optimize stimulation design and completion strategy, improve stimu-
lation performance, well productivity, and gas recovery. Gas production performance depends
on nature and degree of fracture complexity fracture width: fracture spacing, and number of
fractures. This is known as stimulated reservoir volume (SRV). A large stimulated reservoir
volume (SRV) is very vital to enhanced gas production rate 351, Simulation of the complex
fracture network (natural and man-made) is a major problem for reservoir simulation ap-
proach. An adequate and valid simulation model is needed for sensitivity analysis of gas pro-
duction- reservoir parameters relationship.

Hydraulic fracturing is performed by injecting fluid into a target rock formation at a pressure
higher than the compressive strength or fracture pressure of the rock. The interval to be
stimulated or fractured is isolated top and bottom with retrievable plugs and then pressured
to rock breakdown pressure. The fractures formed stimulate the flow of natural gas or oil,
increasing the volumes that can be recovered. However, the fundamental science and engi-
neering of fracturing shale gas reservoirs are not yet fully understood and hence it is essential
to develop a critical understanding of the factors that underlie optimal stimulation methods.

3.2. Hydraulic fracturing fluids

Hydraulic fracturing uses high pressure to force fluid consisting of water, sand and chemical
additives into the shale formation. This pressurized fluid causes the rock to fracture, creating
fissures or cracks in the formations. Gas (and oil) are released and flow through the fracture
channels to the wellbore. Different types of chemical additives are added to fracturing fluids.
These include: dilute acids, biocides, breakers, corrosion inhibitors, crosslinkers, friction re-
ducers, gels, potassium chloride, oxygen scavengers, pH adjusting agents, scale inhibitors,
and surfactants. Biocides are added to prevent microorganismgrowth and to reduce biofouling
in the fractures; oxygen scavengers and other stabilizers prevent corrosion of metal pipes;
and acids that are used to remove drilling mud damage within the near-wellbore area [3¢],
These fluids aid not only in creating the fractures but also they carry the proppants (sand,
aluminum shot or ceramic beads) which frequently injected to hold the fractures open after
the pressure treatment.
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Figure 4 shows the level of baseline water stress in 20 countries with the largest volumes
of technically recoverable shale gas resources. The volume of waterinjected during hydraulic
fracturing affects the availability and consumptive use of freshwater resources, volumes of
wastewater, the wastewater disposal and treatment procedures available, and the ultimate
fate of this water [371, Analysis of historical data indicates the importance of well borehole
orientation, drilling date, and target gas resource on hydraulic fracturing water volumes [371
and could account for the wide range of estimates. Individually, these previous studies pro-
vided only partial information needed to fully understand the complexity of hydraulic fracturing
water use across different geologic basins. There is a need to better understand the spatial
variability of water use in hydraulic fracturing in aggregate, taking into consideration well
types and target gas reservoirs.
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Figure 4. Baseline water stress level for hydraulic fracturing [38]
4. Environmental issues
4.1. Flowback and produced water

Although the make-up of fracturing fluid varies from one geologic basin or formation to
another, the environmental issues associated with fracturing projects are the same or similar.
These include water and soil contamination that result fromthe processes and handling of the
fluids as well as the large quantities of water necessary to undertake fracturing and seismic
activity that might be induced. Large volumes of freshwater are mixed with the above stated
chemical additives and proppants in varying quantities depending on the geological location
or well and reservoir properties. Millions of gallons of water may be injected per site, gener-
ating very large volumes of flowback and produced waters. Flowback waters are those that
return to the surface after the pressure is released. They are extremely complex matrices
composed of hydrolytic fracturing fluids and chemical additives chemical additives that were
injected and the recovered hydrocarbons from the deep formations, highly saline, with large
amounts of total dissolved solids. They may contain various hydrocarbons, organic acids, al-

Pet Coal (2018); 60(6): 10501059
ISSN 1337-7027an open access journal

1055



Petroleum and Coal

cohols, radionuclides, and metals. Figure 4 shows global baseline water stress level for hy-
draulic fracturing in the 20 countries with the largest shale gas and tight oil resources, as
analyzed by World Resources Institute 381, For shale gas, it was found that 40 percent of
these countries face high water stress or arid conditions: China, Algeria, Mexico, South Africa,
Libya, Pakistan, Egypt, and India

The large volumes of water used in fracturing invariably leads to large volumes of
wastewater produced and ultimately to potential environmental impacts, including public wa-
teravailability, water quality, wastewater disposal, aquatic ecology, and possible wastewater
injection-induced earthquakes ecology 39-441, More localized and technology-specific risks are
coupled with degradation of air quality and water resources, induced seismic activity, and
methane emissions which can increase the overall risk of climate change due to theirincreased
potency relative to other fossil fuels 451,

On a regional basis, the average water volume used per well for hydraulic fracturing will
depend on the number and locations of wells accessing shale gas reservoirs within a geologic
basin 371, Differences in local geology, well borehole configuration, resource type, target gas
reservoir characteristics, well completion time, hydrology, and proximity to freshwater
sources, existence and location of water treatment facilities, chemical makeup of flowback and
produced wastewaters, management practices, land availability for surface storage, and avail-
ability of deep-disposal wells, coupled with differences in volumes of water injected could
translateinto possible differences in the potential for environmental impacts 61, Development
of better technological approaches that will serve as potential solutions to the problems posed
by the complex matrices inherent to flowback and produced waters is needed.

4.2. Wastewater composition

Apart from the chemical additives to be managed, the natural water that is surfaced may
contain very high levels of dissolved solids (TDS), toxic metals, radionuclides and hydrocar-
bons. In addition to the high content of sodium and chloride, the salts content can include
elevated concentrations of bromide, bicarbonate, sulfate, calcium, magnesium, barium, stron-
tium, radium, organic chemicals and heavy metals. The management challenge is to safely
dispose, treat, or reuse those waters without damaging the local groundwater or downstream
surface waters and potential drinking water sources [47-481,

The number of hydraulic fracturing shale oil and gas wells in the US, and worldwide, con-
tinues to increase. This will result to increased stress on surface water and groundwater sup-
plies to complete the fracturing process. Equally important is the large volumes of wastewater
generated (up to 60% of the water injected into a well) as flowback or produced water during
fracturing of wells. This wastewater needs to be captured, and disposed of or recycled.

Water being the base fluid and biggest component used in hydraulic fracturing, its im-
portance remains a critical factor in the operation and economics of shale oil and gas produc-
tion. However, significant and growing water management challenges are impacting hydraulic
fracturing [4°-511, Therefore, oil and gas companies, faced with growing concern of proper
water utilization activities, need to adopt a more unified and proactive perspective on their
water life-cycle management.

With the already significant fracturing industry set for further rapid expansion in the US
and other countries, the demands on fresh water supplies are mounting, as is the need to
process thelarge volumes of flowback and produced wastewater discharged during fracturing
operations. Centralized treatment of wastewater is emerging as a viable solution for long-temm
efficiency in managing water sources and wastewater treatment in hydraulic fracturing [521,

A word on regulatory requirements - the type of chemical additives to be used in hydraulic
fracturing projects and the information about their chemical characteristics should conformto
regulatory requirements. Material Safety Data Sheets should be provided by the additives
manufacturers [441, Also to be provided are:
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> the potential health and environmental risks of each of the additives be assessed
by the operating company or suitably qualified third party selected by the operating com-
pany;

> operationalproceduresand controlsspecific to the selected additive(s) determined to
manage the potential health and environmental risks identified by the risk assessment, as
appropriate;

> written risk management plansincorporated into the well-specific hydraulic fracturing
program;

» confirmed execution of the risk management program and actual additivesused
prior to program initiation and at program completion.

5. Conclusion

After many years of unconventional shale gas development and production the industry is
not grappling with technical and environmental issues that impact on economic gas produc-
tion. Existing science and technology data on shale gas formations are not adequate for de-
scribing complex flow and transport phenomena occurring in the reservoir. More research is
needed to help improve understanding of the peculiar characteristics of individual shale gas
reservoir adequate for determining stimulation technologies for economic gas development
and recovery. Numerical simulation methods, coupled with digital rock physics analysis (DRP),
will aid in characterizing individual shale gas reservoirs and quantifying the effects of pertinent
factors on multiphase flow and well performance for long-termgas recovery. Knowledge gen-
erated fromsuch studies will enable engineers to better design fracture treatments and oper-
ators to better manage the wells in a shale gas reservoir.

Regional variations in regulatory structures also mean that decisions regarding hydraulic
fracturing including wastewater management and disposal practices, recycling, and under-
ground fluid injection may fall under different regulations and jurisdictions. Because hydraulic
fracturing is not a one-size-fits-all operation, assumptions and generalizations regarding water
use in hydraulic fracturing operations and the potential for environmental impacts should be
made with caution. More efforts are needed to develop a one-stop approach to managing
environmental issues associated with freshwater usage for hydraulic fracturing operations and
for managing the large volumes of flowback and produced waters generated in fracturing
projects.
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Abstract

This research has been carried out to develop a model for the methanol-to-ethene process, simu-
late it and carry out its dynamic matrix control by investigating the effects of some tuning param-
eters on the control system. In order to achieve this aim, the methanol-to-ethene (MTE) process
was modelled and simulated with the aid of ChemCAD for both steady state and dynamics. The
dynamics data showing the response of ethene mole fraction to a change in reflux ratio were
extracted from the ChemCAD dynamic simulation of the developed process model and used to
develop a first-order transfer function relation between ethene mole fraction and reflux ratio via
the System Identification Toolbox of MATLAB. Furthermore, the open loop simulation of the pro-
cess was carried out in MATLAB environment. Thereafter, the closed loop response of the system
was obtained using different values of control horizon, prediction horizon, model length, and con-
trol weighting as the tuning parameters of the dynamic matrix controller while the set point of the
process was made to be the achievement of a mole fraction of 0.95 for ethene. It was revealed
from the results obtained that the ChemCAD and the transfer function models developed for the
process were valid ones because the ethene mole fractions obtained at their steady states upon
the application of a final value of 2 to the reflux ratio, which was the input variable of the process,
were very close. Also, the simulations of the closed-loop system of the dynamic matrix control of
the process showed that there were significant effects of the control horizon, prediction horizon,
and control weighting on the dynamic matrix control of the methanol-to-ethene process whereas
the effect of the model length was found to be insignificant. Therefore, it has been discovered that
control horizon, prediction horizon, and control weighting were the main tuning parameters for
the dynamic matrix control of the methanol-to-ethene process.

Keywords: Methanol; ethene; ChemCAD; dynamic matrix control; MATLAB; control horizon; prediction horizon; con-
trol weighting.

1. Introduction

To meet the ever-increasing demand for oil-based chemicals despite waning oil reserves,
the development of new technologies fromalternative feedstock is a general concern for both
scientific and industrial communities [*1, One of the most prominent emerging technologiesis
the methanol-to-olefin (MTQO) process that is catalyzed by acidic zeolites, such as H-ZSM-5,
or by nanoporous zeotype materials, such as H-SAPO-34 [2],

Olefins can be produced using several processes and feedstocks. In every process, a range
of products and byproducts are formed. The percentage of the different products depending
on the process and the feedstock used. Currently, there are three main sources of olefins for
petrochemicals, viz. steam cracking of hydrocarbons (naphtha, ethane, gas oil and liquefied
petroleum gas), fluid catalytic cracking in oil refineries and paraffin dehydrogenation. In ad-
dition to these commercial processes, there are some non-commercial technologies under
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various phases of development such as oxidative coupling of methane, oxidative dehydro-
genation of paraffins and methanol-to-olefins process 31, which is being considered in this work.

According to the information from the research of Keil [*], the conversion of methanol to
hydrocarbons, including methanol-to-olefin, was discovered by two teams of Mobil scientists
working on unrelated projects. They discovered, by accident, the formation of hydrocarbons
from methanol over the synthetic zeolite ZSM-5 in early 1970. The group at Mobil Chemical
in Edison, New Jersey, had been trying to convert methanol to ethene oxide, while workers at
Mobil Oil's Central Research Laboratory in Princeton were attempting to methylateisobutene
with methanol in the presence of ZSM-5. Neither of the reactions yielded the expected resut.
Instead, aromatic hydrocarbons were formed.

The methanol-to-olefin process converts methanol into light olefins, such as ethene - an
important feedstock for the production of many types of polymers, which serve as basic build-
ing blocks for petrochemical industries and polymerization processes in particular. As a result,
ethene and propene are increasingly in demand ! in process industries.

Recent interest in the methanol-to-olefin mechanism was further fueled by a surge in oil
prices. methanol-to-olefin conversion allows the petrochemical industry to bypass crude oil as
a fundamental feedstock because methanol can be made from synthesis gas, which, in turn,
can be formed from almost any gasifiable carbonaceous species, such as natural gas, coal,
biomass and organic waste [*1. This process has some advantages over the current steam
cracking of natural gas liquids, naphtha or other light fractions of petroleum, due to the fact
that methanol-to-olefin process can provide a wider and more flexible range of ethene to
propene ratio relative to those of conventional processes to meet market demand 21,

For the purpose of this research work, the interest will be limited to the production of the
simplest olefin, which is ethene. The methanol-to-ethene (MTE) process was got from the
methanol-to-olefin process. The former was launched solely for ethene production. In both pro-
cesses, methanol thatis produced mainly from synthesis gas is used as the feed of the process [*1,

Due to the fast development of the process industries, one of which is a methanol-to-ethene
process, improving the plant efficiency is very challenging owing to the fact that the scale of
processes has become larger and process complexity has increased dramatically. This has led
to the demand of a very robust controller design strategy, bothin theory and practice 21,

Based on that, Richalet [¢1 has classified the controllers for the control problems into four
hierarchical levels:

1. first level controllers used for the control problems dealing with some ancillary systems,

in which proportional-integral-derivative (PID) controller could be a very good choice,

2. the secondlevel controller used for problems involving multivariable dynamic process,
which is interfered by some unmeasured perturbations,

3. third level controllers used for optimization problems based on the minimization of cost
functions; a model predictive controller (MPC) is in this level, and

4. fourth level controllers consisting of those time and spac e scheduling production problems
that include the feasible research and have the best economic benefits.

As a result of the simple structure, low cost, convenient manipulation and the satisfaction
for most of the production control, proportional-integral-derivative has become the major
controller used in the family of level one. However, the economic benefits induced by level
one and two are usually negligible 61,

The model predictive controller works in a different manner in the sense that instead of
using the past error between the output of the system and the desired value like a propor-
tional-integral-derivative controller would do, it controls the systemby predicting the value of
the output in a short time, so the system output is as closer as possible to its desired value
for these moments. In process control today, more than 95% of the control loops are of pro-
portional-integral-derivative type [7-81, Also, it is stated that more than 90% of industrial con-
trollers are still implemented based on proportional-integral-derivative algorithms [°1, How-
ever, the proportional-integral-derivative seems not to be robust and effective in some cases
involving a methanol-to-olefin process.
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Owing to that, it has been realized that there is the need to incorporate an advanced con-
troller type such as the dynamic matrix control that is based on model predictive control tech-
nology to processes like the one of methanol-to-olefin type because it can bring about many
improvements in the economics of the system, can easily deal with multivariable cases and
can also be used to handle the process if there are delays. Therefore, the aim of this research
work is to apply dynamic matrix control to a methanol-to-ethene process by taking the mole
fraction of ethene obtained from the process and the reflux ratio as the controlled and the
manipulated variables respectively.

2. Methodology

The methods adopted in accomplishing the control of the methanol-to-ethene (MTE) pro-
cess are as outlined in the following subsections.

2.1. Steady State modeling and simulation of the MTE process

The process was modelled and simulated using ChemCAD [1°! process simulator through
the following steps:
1. Component Selection: The chemical components involved in the process were chosen from
the ChemCAD database, and they were:

e Methanol

e Dimethyl ether
e Ethene

e Water

2. Thermodynamic Package Selection: Based on the componentsinvolved in the process,
UNIQUAC Functional-group Activity Coefficients (UNIFAC) method was chosenas the ther-
modynamic package for the simulation.

3. Flowsheet Development: The different unit of the process flowsheet was selected from the
Palette of the simulator and connected accordingly. The equilibrium reactor having one feed
stream was connected to the kinetic reactor which was in turn connected to the Simulta-
neous Correction Distillation System (SCDS) column with two product streams, see Figure
1. The dehydration of methanol to dimethyl ether represented by Equation (1) was incor-
porated into the equilibrium reactor while the conversion of dimethyl ether to ethene and
water, which is represented by Equation (2), was incorporated into the kinetics reactor
using the kinetics expressions given in Equation (3) and (4) and the parameters contained
in Table 5.

4. Feed Stream Specification: The conditions of the feed streams were specified as given in
Table 1.

5. Equipment Specification: The conditions of the equilibrium reactor, kinetic reactor and
SCDS column were specified using the operating parameters given in Tables 2 - 4 respec-
tively.

CH,OH, <> CH,0CH, + H,0

(1)
CH,OCH, »CH,+H,0 (2)
. Table 2. Operating parameters of the equilibrium
Table 1. Operating parameters for feed stream reactor
Parameter Description/Value —
Stream name Methanol Parameter Description/Value
Tem perature (oC) 60 Reactor type General equilibrium reactor
Pressure (atm) 1 Number of reactions 1
Total flow (kmol/hr) 100 Thermal.mode Isothermal
Methanol (mole fraction) 1 Calculation mode Approach delta T =5 (°C)
Liquid Keg model Keg = Kx
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Figure 1. ChemCAD model of the methanol-to-ethene process

Table 3. Operating parameters of the kinetics reactor

Parameter Description/Value

Reactor type Plug flow

Number of reactions 1

Thermal mode Adiabatic

Calculation mode Volume specification and conversion calculation
Reactor volume 10 m3

Table 4. Operating parameters of the SCDS column

Parameter Description/Value
Condenser type Total
Number of stages 11

Feed stage for column feed stream 5

Reflux ratio 1
Reboiler duty (kJ/sec) 0.1

The rate of reaction for the conversion of dimethyl etherto ethene is given as,
r= kZCDME (3)
where DME denotes dimethyl ether, and the rate constant is given as

_E
k = koe RT (4)

The kinetic data for modeling the reaction was obtained from the work of Jianglong and
Huixin [*!1 as givenin Table 5.

Table 5. Kinetics data for the conversion of dimethyl ether to ethane

Parameter Value
ko (hr't) 9.18x10’
E (J/mol) 89478

Source: Jianglong and Huixin [*1
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After developing the steady-state process model using ChemCAD, it was run using the ‘Run
All" icon on the ChemCAD flowsheet ribbon until convergence before converting it to the type
used in the dynamic simulation.

2.2. Process dynamics simulation

The dynamic simulation of the methanol to ethene process was carried out using the fol-
lowing steps:

1. Conversion of the steady-state model to dynamics type: Using the developed converged
steady state MTE model, the dynamics optionwas selected fromthe ‘Steady state/Dynam-
ics’ drop-down menu found under “run” menu.

2. Dynamics simulation: The dynamic model was simulated at two run time steps:

e First run time step: Atime of 5 min witha 0.01 min interval was used, and the dynamic
simulation was run from the initial steady state in this case.

e Secondruntime step: Atime of 1.5 hr witha 0.05 min interval was used for the second
run time step fromthe current steady state. In this case, the reflux ratio of the columm
was changed to a final value of 2.

3. Dynamics data extraction: The dynamics data obtained were for the mole fraction of ethene
in the column distillate stream (stream4). The run time plot for the mole fraction of ethene
in stream 4 was obtained using the ‘Plot Dyn Streams’ icon on the ChemCAD flowsheet
ribbon. From the plot, the dynamic data were extractedto an excel worksheet by clicking
the‘Data to Excel CSV file’ option from the *Chart’ drop-down menu.

2.3. Process transfer function formulation

The process transfer function model used in this work was formulated by developing the
relationship between ethene mole fraction (output variable) and reflux ratio (input variable)
using the data generated from the developed ChemCAD model with the aid of the System
Identification Toolbox of MATLAB 21 using codes written. By running the script, the dynamics
data of the simulated MTE process was called from the Microsoft Excel Spreadsheet and ex-
ported to the SystemIdentification Toolbox interface of the MATLAB. On the Syste mIdentifi-
cation Toolbox interface, a transfer function model of the form shown in EqQuation 5 was spec-
ified and developed.

erdes
Gy(5)= @+T,s)

(5)

2.4. Dynamic Matrix Control of the MTE Process
2.4.1. Formulation of control objective function

The dynamic matrix control (DMC) of the methanol-to-ethene process was accomplished
using the method described by Bequette [*31 in which the least-squares objective function for
a control horizon of nc and a prediction horizon of np was as defined in Equation (6),

2 nc-l 2

= z(y ~9.) +wd(au) (6)

where ys, is the setpoint, Vi is the model prediction at time k+i, w is the control weighting

and Y«iis the manipulated input at time step k+i.
The method was, actually, based on step response model that has the formgiven in Equa-
tion (7),

9k :zSiAuk—i +SUy (7)
i

where Yxis the model prediction at time step k, 5 represents the step response coefficient for

u

the ith sample after the unit step input change, i is the manipulated input jsteps in the past

and Yevis the manipulated input N steps in the past.
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As such, the control objective function was written as given in Equation (8),

®=(E-S,Au, J (E-S,Au, )+(Au, Jwau, (8)
where E is the unforced error vector,
(s, 0 0 - 0 0 |
s, S o - 0 0
.= (9)
sj Sj71 5]72 Sj—M+1
_SP Se Sp, ottt SP7M+1_
Au,
Auk+1
Au, = : (10)
Aukﬂ\/lfz
Aukderl
and
w 0 0 O
0w 0 O
W = _ (11)
0 0 . 0
0 0 0 w

The solution of the objective function was thus, also, carried out in MATLAB environment.
2.4.2. Tuning and simulation of the control system

The tuning parameters (control horizon, prediction horizon, model length, and control
weighting) of the dynamic matric control systemwere varied, and their effects on the control
performance were investigated with the aid of MATLAB mfile codes written. It should be noted
that, before tuning and controlling the system, the first-order-plus-delay-time transfer func-
tion of the systemwas approximated to an ordinary first order systemusing Pade approxima-
tion in order to convert the model to the formrequired by the approach of Bequette [*3!, which
was the one adoptedin this work.

3. Results and discussion
3.1. ChemCAD Steady-State simulation output

The results obtained fromthe steady-state simulation of the developed ChemCAD process
model of the methanol-to-ethene (MTE) process were as given in Tables 6. Based on the infor-
mation given in the table, the production of ethene using the process was a successful one
because the mole fraction of ethene obtained was approximately 0.73 while the other main
component presentin the product was water with a mole fraction of approximately 0.25. The
mole fractions of the other chemicals (methanol and dimethyl ether) involved in the process
were found to be negligible. Based on the results of the steady-state simulation of the process,
it was observed that a high concentration of the main product (ethene) could be obtained.

Table 6. Steady-state product stream component mole fraction

Component Mole fraction
Methanol 0.01925
Dimethyl Ether 6.7166e-08
Ethene 0.7318
Water 0.2489
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3.2 ChemCAD dynamic simulation output

Having ensured that the developed ChemCAD model of the process converged under steady
state, it was converted to a dynamic type and simulated accordingly. The results of the dy-
namic simulation of the process are given in Figure 2 when a step change was applied to the
reflux ratio, which was the input variable of the process, to make its final value to be 2.

0.95

Mole fraction

0.7 T T T T T T T T
0 01 02 03 04 05 06 07 08 09 1 1.1 12 13 14 1.5

Time (hr)

Figure 2. Dynamic response of the system in terms of the mole fraction of ethene mole fraction against time

It can be seen from Figure 2 that ethene mole fraction was affected by the change in the
reflux ratio because it (ethene mole fraction) was found to vary fromits initial steady state
value of 0.7318 to another final steady state of approximately 0.8920. T herefore, it can be
said that a change in the column reflux ratio has caused a change in the dynamic response of
ethene mole fraction. In other words, the reflux ratio was an appropriate input variable for

the process.
3.3. Transfer function modelling and Open-Loop simulation response

A first order transfer function with time delay was developed with the aid of SystemIden-
tification Toolbox of MATLAB Using the data generated from the dynamic simulation of the
process. The developed transfer function relating the ethene mole fraction (output variable)
to the reflux ratio (input variable) in Laplace transforms was as given in Equation (12).

x(s) = e RO (12)

The open-loop simulation of the developed transfer function model of the process was also
carried with the aid of MATLAB mfile by applying a step change with a final value of 2 to the
reflux ratio, and the dynamic response obtained is given in Figure 3.

From the open loop response shown in Figure 3, it was again confirmed that the system
was a stable one as it could attain an ethene steady-state value of approximately 0.8942
within 50 min of the simulation period. This steady-state value was foundto be in agreement
with the one obtained from the ChemCAD dynamic simulation of the process. Though the
systemwas found to be a stable one, in order to obtain an ethene mole fraction higherthan
the one obtained fromthe open-loop steady-state simulation, there was the need for its proper

control using an advanced control method known as dynamic matrix control.
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Figure 3. Open loop response of the process to a unit step change in reflux ratio
3.4. Dynamic matrix control simulation

The dynamic matrix control of the methanol-to-ethene process was carried out by investi-
gating the effects of the tuning parameters (control horizon, prediction horizon, model length,
and control weighting) on the performance of the systemtowards giving ethene mole fraction
of 0.95 as the controlled variable while the reflux ratio was taken as the manipulated variable.

3.4.1. Effect of control horizon

Control horizon refers to the sequence of control moves required to satisfy the specified
optimization objective of minimizing the predicted deviation of the process output from the
target overthe prediction horizon and the expenditure of control effort in driving the process
output to the targetin the presence of prespecified operating constraints. Since this variable
is used in the optimization of the control function, it means it is very important to the perfor-
mance of the control system. As such, it is worth investigating how it affects the dynamic
matrix control of the methanol-to-ethene process. The results of the investigation carried out
by making the value of the control horizonto be 1 and 5 are givenin Figure 4. According to
the results given in the figure, the response of the control systemwas found not to have any
overshoot when the control horizon was 1 whereas that of the control horizon of 5 had over-
shoot. However, the response of the control horizon of 5 was observed to get settled faster
than that of the control horizon of 1.

Table 7. Performance criteria values for effects of control horizon

Criterion Control horizon = 1 Control horizon = 5
SAE 7.3294 5.8830
MAE 0.1018 0.0817
SSE 4.3084 4.1008
MSE 0.0598 0.0570

In order to further know the effect of the control horizon on the performance of the control
system, some performance criteria, which were sumof absolute error (SAE), mean of absolute
error (MAE), sum of squared error (SSE) and mean of squared error (MSE), were calculated
for the two cases considered in this work, and the results obtained are given in Table 7. The
values of the criteria given in the table revealed that the performance of the control system
when the control horizon was 5 was better than that of the control horizon of 1 because all
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the values of the performance criteria of the control horizon of 5 were less than those of the
control horizon of 1, keeping othertuning parameters constant.

1 T Sem—— T T

Mole fraction
=
W
T

04+ -
Control horizon = 1

03 Control horizon = 5 |
Set point

0.2 =

0.1 - _

0 1 | | | 1 |
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Figure 4. Closed-loop response of the MTE process to a step change of 0.95 in ethene mole fraction
and variation in control horizon; prediction horizon = 25, model length = 50, control weighting = 0.3

3.4.2. Effect of the prediction horizon

The prediction horizon is the number of a prediction made on the process over a predeter-
mined time horizon beyond the extent of the control action, and it is another tuning parameter
that affects the response obtained fromthe dynamic matrix control system. The investigation
of its effect on the dynamic matrix control of the methanol-to-ethene process was carried out
by varying its value from 15 to 35, and the responses obtained were as givenin Figure 5. The
responses in the figure showed that the variation in the closed-loop dynamic response of the
process was not much despite the 20-unit difference in the values of the prediction horizon,
as compared to the response obtained when the control horizon was changed from 1 to 5.
This is to say that the response of the dynamic matrix control of this process was more sen-
sitive to the control horizon than to the prediction horizon.

In an attempt to know how the change in the prediction horizon was affecting the control
systeminvolving the methanol-to-ethene process, the selected performance criteria were also
calculated in this case, and the results are given in Table 8. The closeness of the performances
of the control systems with prediction horizons of 15 and 35 could also be seen from the
performance criteria results because the values of SAE, MAE, SSE and MSE for the two cases
considered were found to be close foreach criterion.

Table 8. Performance criteria values for effects of prediction horizon

Criterion Prediction horizon = 15 Prediction horizon = 35
SAE 6.1494 6.3923
MAE 0.0854 0.0888
SSE 4.2396 4.3601
MSE 0.0589 0.0606

Moreover, however, the importance of the prediction horizon was shown clearly by com-
paring the responses in Figures 4 and 5 because it was clearly observed that the responses
obtained when the. prediction horizon was varied could get settled faster than those obtained
when the control horizon was varied.
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Figure 5. Closed-loop response of the MTE process to a step change of 0.95 in ethene mole fraction
and variation in prediction horizon; control horizon = 3, model length = 50, control weighting = 0.3

3.4.3. Effect of model length

Another parameter affecting the responses obtained from dynamic matrix control is the
model length. The model length of a dynamic matrix control should be selected in such a way
that it is approximately the time required for the systemto get to a new steady state. Accord-
ing to the information obtained from the literature, the model length for most systems is
approximately 50 coefficients. That value of 50 was taken as the middle value in this work,
and the simulation of the control system was carried out using a model length of 35 and 65
successively, and the results obtained are given in Figure 6. From the figure, it could be ob-
served that the two responses obtained overlapped each other almost throughout the simula-
tion time used for the dynamics. This is showing that the effect of model length chosen for
the dynamic matrix control of this process is not significant.

1 T

0.9 - .

Mole fraction
=}
W
T
I

Model length = 35

03 Model length = 65| |
Set point
0.2 .
0.1 ]
oL | | I I ! I
0 10 20 30 40 50 60 70
Time (min)

Figure 6. Closed-loop response of the MTE process to a step change of 0.95 in ethene mole fraction
and variation in model length; control horizon = 3, prediction horizon = 25, control weighting = 0.3
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Table 9. Performance criteria values for effects of model length

Criterion Prediction horizon = 35 Prediction horizon = 65
SAE 6.4119 6.3408
MAE 0.0891 0.0881
SSE 4.3393 4.3391
MSE 0.0603 0.0603

This argument was also found to be supported by the values of the performance criteria
that were calculated to be very close to each otherforeach criterion (see Table 9).

3.4.4. Effect of control weighting

Another parameter used in tuning the dynamic matrix control for this methanol-to-olefin
process was the weighting factor. In this case, it was varied from 0.1 to 0.5 and the results
obtained were as givenin Figure 7.

1

Control weighting = 0.1
Control weighting = 0.5 -
Set point

Mole fraction
=}
W

I \ I I
30 40 50 60 70
Time (min)

Figure 7. Closed-loop response of the MTE process to a step change of 0.95 in ethene mole fraction
and variation in control weighting; control horizon = 3, prediction horizon = 25, model length = 50

Table 10. Performance criteria values for effects of control weighting

Criterion Control weighting = 0.1 Control weighting = 0.5
SAE 4.8363 7.0623
MAE 0.0672 0.0981
SSE 3.4539 4.7237
MSE 0.0480 0.0656

From the results shown in Figure 7, it was clear that thereis a dependency of the performance
of dynamic matrix control on the control weighting because there was a clear difference be-
tween the two responses obtained when the values of the weighting factor were made to be
0.1 and0.5.

The criteria values calculated for the variation of the control weighting showed that the
performance of the dynamic matrix control was better when the control weighting was 0.1
than when it was 0.5 because all the performance criteria values of control weighting of 0.1
were less than those of the control weighting of 0.5.

4. Conclusion

The results obtained from the simulations carried out on the ChemCAD and the transfer
function process models developed for the methanol-to-ethene production showed that the
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models were valid ones because the steady-state values of ethene mole fraction given by the
two models when the final value of the reflux ratio, which was the input variable, was 2 were
very close. Furthermore, the closed-loop simulations of the dynamic matrix control system
formulated for the process for investigating the effects of some tuning parameters (control
horizon, prediction horizon, model length and control weighting) revealed that the control
horizon, prediction horizon, and control weighting showed significant effects on the perfor-
mance of the control systemwhile the effect of the model length was found not to be signifi-
cant for the methanol-to-ethene process. In addition, in all the cases, the process was ob-
served to get settled within 45 min. Therefore, it can be inferred that the dynamic matrix
control exhibited good control ability on the methanol-to-ethene process considered in this
work.
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Abstract

This study investigated the air quality index (AQI) pattern of criteria pollutants around a haulage
truck-stop in southwestern part of Nigeria using carbon monoxide (CO) and nitrogen dioxide (NO2)
as indicators. Concentrations of these pollutants were quantified at five different sampling points
using ToxiRAE II Gas Monitor. The results showed the 8-hours averaging period mean concentra-
tions of carbon monoxide (CO) ranged between 0.0875 and 0.4556 ppm, while the extrapolated
1-hour averaging period mean concentration of nitrogen dioxide (NO2) were of the range 121.60
- 633.14 ppb. The mean AQI concentrations determined indicates good and moderate AQI cate-
gories for CO while the AQI categories of NO2indicates unhealthy for sensitive groups at all sam-
pled point. This study establishes that vehicular activities at the truck -stop could pose great impact
on the ambient air quality with sensitive groups most at risk.

Keywords: Air quality index; breakpoint; criteria pollutants; vehicular activities; haulage truck-stop; mixing ratio;
airshed.

1. Introduction

Air pollution has continued to receive attention worldwide due to its harmful effects on
human health, especially in many urban areas around the world. Anthropogenic sources of air
pollution are major contributors to ambient air pollution [*-41, these include emission from
industries, homes and internal combustion engines exhaust [5]. Automotive pollution has been
established to account for gas and other air toxics in ambient air along motorways and urban
sites [¢1, Emission from products of incomplete combustion (PIC) of vehicular engine has been
identified to be responsible for about 90-95% of the ambient CO levels, 80-90% of the NOx
and hydrocarbons and a large portion of the particulates which poses a significant threat to
human health and natural resources [71,

The air quality index (AQI) is an index for reporting daily air quality. It is a tool for com-
municating air quality status to peoplein simple terms, it also transforms complex air quality
data of various pollutants into a single number, nomenclature and colour 81, These index
informs the public on how clean or unhealthy the ambient air is with all the associated health
effects which might be of concern °1. It has therefore proven to provide a clearer picture of
local air quality to the general public and has been adopted effectively in many nations [°-1°],
AQI index is a tool that present complex air quality data of six common air pollutants (PM3s,
PMio, CO, NO, SO and O3) in a single number and colour with respect to the effects on human
health [*1-131 Fakinle [*! and Sonibare ! analyzed the air quality index pattern of particulate
around a haulage vehicle park in southwestern Nigeria and around petroleum production fa-
cilities in Niger Delta sub region of Nigeria, respectively. AQI was also adopted by 14! to
analyze the evolution of air pollution in a space of two decades in Germany, also [*2*51 ysed
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the tool for air quality assessments for Naples in Italy and Athens, respectively. However not
much work has been done on the usage of the tool for air quality assessment in Sub-Saharan
Africa especially in Nigeria. Due to the undeveloped railway system in Nigeria, major goods
and petroleum product are being conveyed to the major cities by trucks which could cause a
great deal of air pollution 71, There are many truck stop in the Nigeria designated to provides
refuelling, rest and other services to motoristsand truck drivers. Due to large number of the
trucks, these truck stops have become hot-spots experiencing frequent exceedance in pollu-
tant ambient air limit. Hence the present study investigated the air quality index pattem of
criteria air pollutants around a truck-stop using carbon monoxide (CO) and nitrogen dioxide
(NOy) as indicators, these is with a view of assessing ambient air quality around the truck-
stop.

2. Methodology
2.1. Study area

The study area was a truck-stop located in Ogere along popular Lagos -Ibadan highway,
Ogun State of Southwestern part of Nigeria. Ogere is situated in a hilly area and on geograph-
ical coordinate 6° 56 0" North and 3° 38" 0" East. Ogere truck-stop is about 0.6km? area is
located between 56 kilometer and 59 kilometer of Lagos-Ibadan expressway and has remained
a major stop-overforlong-haul trucks and other haulage vehicles. Air sample were takenin
five locations which is labeled A, B, C, D and E where considered for the study. Figure 1 shows
the map of the study region with sampling points.
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Figure 1. Map of Ogere truck-stop
2.2, Criteria air pollutant sampling

Sampling of carbon monoxide (CO) and nitrogen dioxide (NO3) in the airshed of Ogere
truck-stop were carried out using ToxiRAE II Gas Monitor for CO and NO» respectively. Sam-
pling was done for 15 consecutive days with averaging time of 8 hours per day. The Gas
monitors were positioned on a sampling stands of 1mheight above the ground level to prevent
measurement of fugitive gases mobilized by tides. Also four (4) principal meteorological pa-
rameters - temperature, wind speed, relative humidity and pressure were determined using
Kestrel 4000 Pocket Weather Tracker. Sampled concentration data obtained in ppm were
converted to ppb using Equation 1 and also converted from ppm to ug/m3using concentration
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unit conversion formula [*¢-171 given in Equation 2, for easy comparison with some air quality
standards.
ppb = ppm * 1000 (1)
ug/m? = 2L x(ppm) * (1000) (2)
where ug/m?is the concentration in microgram per cubic meter, ppm is the concentration in
parts per million, ppb is the concentration in parts per billion, Pis the sampled atmospheric
pressure, T is the sampled ambient temperature, Miis the molecular weight of the gaseous
pollutant and R is the universal gas constant.

The concentration data for NO where extrapolated from the sampled 8-hours averaging
time to 24-hours averaging time and also from 24-hours averaging time to 1-hour averaging
time using an atmospheric stability dependent equation [*:*81 Equation 3.

T n

¢o=Cux("r,) (3)
where Cypis the shorter averaging time concentration, C; is the longer averaging time concen-
tration, T; is the longer averaging time, Ty is shorter averaging time and n is the stability
dependent exponent given as 0.28 for the conversion from 8-hours averaging time to 24-
hours averaging time [*! and 0.2 for extrapolating between 1-hours and 24-hours averaging
time [18],
2.3. The air quality index (AQI)

AQI for CO and NO, were calculated using the EPA (2016) method with the equation
given ?s EIquation 4.
p = _BP:;_—BL;LO (Cp - BPLO) + ILO (4)
where I, is the index value of pollutant p, C, is the concentration of pollutant p, B, is the
breakpoint that is greater than or equal to €, as given in Table 5, BF,, is the breakpoint that
is less than or equal to C, as given in Table 5, I, is the AQI value corresponding to BF,;, and
I, is the AQI value corresponding toBB,,. Concentrations of CO (ppm) were truncateto 1
decimal place and NO, (ppb) truncate tointeger [*91. Table 1 show AQI breaking points for CO
and NO.

Table 1. Air quality index breaking points

Breaking points AQI AQI category
CO (ppm) 8-hour NO2 (ppb) 1-hour
0.0-4.4 0-53 0-50 Good
45-9.4 54 - 100 51 - 100 Moderate
9.5-12.4 101 - 360 101 - 150 Unhealthy for sensitive groups
12.5-154 361 - 649 151 - 200 Unhealthy
15.5-30.4 650 - 1249 201 - 300 Very unhealthy
30.5 -40.4 1250 - 1649 301 - 400 Hazardous
40.5 - 50.4 1650 - 2049 401 - 500 Hazardous

3. Results and discussion

The daily sampled 8-hours averaging period of NO concentrations ranged, 0.0875 - 0.4556
ppm (Table 2). The minimum daily sampled and minimum average concentration of NO, were
observed at sampling point D, this may be due to low vehicularactivity at this region as it is
a mini-park within the truck-stop, also the maximum daily sampled and maximum average
concentration of NO, were noticed at sampling point B. Sampling point B is located along the
road side with higher volume of trucks compared to other points. Sampled data obtained in
ppm for CO were converted to ug/m? (Table 3), also NO, data were extrapolated from 8- hours
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averaging periodto 24-hours and 1-hour averaging period as presentedin Table 4, Table 5and
Table 6.

Table 2. Sampled 8-hours averaging period concentration with standard error of mean

SP Gaseous pollutants
NO2 (ppm) CO (ppm)
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
A 0.1333+0.11 0.32084+0.0913  0.2458+0.06 5.7917+0.75 6.0000+0.38 5.8333+0.09
B 0.5750+0.11 0.32504+0.0848 0.4667+0.06 6.8333+0.53 7.0000+0.36  6.2083+0.36
C 0.1542+0.07 0.3583+0.1082 0.2250+0.07 7.0417+£0.89 5.7917+0.54  6.6250+1.45
D 0.0292+0.02 0.1083+0.0510 0.1250+0.05 1.5833+0.42 1.0000+0.36 1.1667+0.37
E 0.1667+0.09 0.1667+0.0932 0.3333+0.18 1.7083+£0.47 1.2917+0.42 1.8750+0.47
Table 3. 8-hours averaging period mean concentration for sampling points
Sam- Gaseous pollutants concentration
p“f\g NO2 (ppm) CO (ppm)
point
Day 1 Day 2 Day 3 Average Day 1 Day 2 Day 3 Average
A 0.1333 0.320 0.2458 0.2333 5.7916 6.00 5.8333 5.8750
B 0.5750 0.3250 0.4667 0.4556 6.8333 7.00 6.2083 6.6805
C 0.1542 0.3583 0.2250 0.2458 7.0417 5.79 6.6250 6.4856
D 0.0292 0.1083 0.1250 0.0875 1.5833 1.00 1.1667 1.2500
E 0.1667 0.1667 0.3333 0.2222 1.7083 1.29 1.8750 1.6244
Table 4. 8-hours averaging period concentration of CO (ug/m?3)
Sampling CO (ug/m3)
point Day 1 Day 2 Day 3 Average
A 6379.05 6596.32 6434.88 6470.08
B 7538.30 7646.50 6762.05 7315.62
C 7696.29 6314.95 7366.24 7125.83
D 1729.64 1094.07 1271.78 1365.16
E 1856.35 1410.09 2044.24 1770.23
Table 5. Extrapolated 24-hours averaging period concentration for NO2 (ug/m?3)
Sa_mpling CO (pg/m3)
point Day 1 Day 2 Day 3 Average
A 6379.05 6596.32 6434.88 6470.08
B 7538.30 7646.50 6762.05 7315.62
C 7696.29 6314.95 7366.24 7125.83
D 1729.64 1094.07 1271.78 1365.16
E 1856.35 1410.09 2044.24 1770.23
Table 6. Extrapolated 1-hour averaging period concentration of NO2 (ppb
Sampling NO2 (ppb)
point Day 1 Day 2 Day 3 Average
A 185.29 445.86 341.63 324.26
B 799.08 451.65 648.67 633.14
C 214.23 497.97 312.68 341.63
D 40.54 150.55 173.71 121.60
E 231.62 231.62 463.23 308.83
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Table 7. Extrapolated 1-hour averaging period concentration of NO2 (ug/m?3)

Sampling NO2 (ug/m3)

Point Day 1 Day 2 Day 3 Average
A 339.26 803.10 618.59 586.98

B 1454.84 814.20 1159.43 1142.82

C 383.52 890.98 571.28 615.26

D 74.67 269.13 311.21 218.34

E 414.88 414.37 825.57 551.60

Table 8. Air quality index rating for the study region

. . AQI for CO AQI for NO2 AQI category

Sampling point 8-hours (ppm) AQI category 1-hour (ppb)
Unhealthy for sensi-

A 64.75 Moderate 143.24 tive groups

B 72.81 Moderate 197.30 Unhealthy

C 70.86 Moderate 146.52 Unhealthy for sensi-
tive groups

D 14.20 Good 104.90 Unhealthy for sensi-
tive groups

E 18.46 Good 140.32 Unhealthy for sensi-
tive groups

When compared with 24-hours averaging standards of 75-113 pyg/m?and 150 pg/m?® set by
Nigeria Federal Ministry of Environment [2°1 and World Bank [2!1 respectively, all extrapolated
daily sampled concentration of NO; at all locations exceeded the standards except Day 1 and
Day 2 sampling at location D which were below the World Bank set limit. The average con-
centrations were also greater than the set limits at all sampling points except point D which
is slightly below the World Bank standard. When compared with 1-houraveraging standard of
200 pg/m? set by World Health Organization WHO [211 and World Bank [22], extrapolated av-
erage concentrations at all sampling point exceeded the set limit. Daily sampled 8-hours av-
eraging period concentration of CO for sampling point A to E ranged between 1365.16 -
7315.62 ug/m? (Exhibit 4), these concentrations are far below the set limit of 22,800 pg/m?
given by Nigeria Federal Ministry of Environment [2°1 and 10,000 pg/m? limit given by World
Bank [2'1 and World Health Organization [221, The reason associated to these is as of readily
conversion of CO to CO; when it is emitted into air. Figure 2 shows the distribution of pollutant
at the various sampling locations, the trend showed the concentrations both pollutants were
high at sampling points A, B and C these could be as a result of the large number of the truck
parked at that location and their proximity to the high way. However relatively lower concen-
trations of these pollutants were observed at the sampling point D and E, these could be
connected with the fewer number of the trucks and vehicular activities at these points.

The AQI indicates thelevel of ambient air pollution with respect to health effect associated
with few hours or days after breathing the polluted air. EPA [2°1 method was to calculate the
AQI, Table 7 shows Air quality index rating for the study region. The AQI of CO for the sampled
region ranges from 14.20 to 72.81 which indicates good to moderate AQI category. The air
quality Indexes at the sampling points D and E are good while AQI at sampling points A, B
and C are moderate. For NO.. The AQI ranges from 104.90 to 143.24, sampling points A, C,
D and E fall to AQI category of unhealthy for sensitive groups while sampling point B falls to
a more serious category of unhealthy represented. At every location within the sampling re-
gion, people with asthma, children, and older adults are most at risk [*2°1, The colour repre-
sentation of AQI is depictedin Figure 3 and 4.
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Figure 4. Air quality index pattern for CO around Ogere truck-stop
4. Conclusion

The air quality index pattern of criteria pollutants around a truck-stop was investigate in
this study using carbon monoxide (CO) and nitrogen dioxide (NO.) as indicators. The studied
areais a typical truck-stop located between 56 kilometer and 59 kilometer Lagos-Ibadan ex-
pressway of Southwestern part of Nigeria. Concentrations of the criterial air pollutants were
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quantified at five (5) selected sampling points using ToxiRAE II Gas Monitor. The results indi-
cated that the extrapolated 24-hours and 1-hour average period concentration of NO; at al-
most all the sampled point exceeded the limits set by Nigeria Federal Ministry of Environment,
World Health Organization and World Bank, while 8-hours averaging period concentrations of
CO at all sampled point were below the set limits. The AQI pattern obtained for the studied
region show further that AQI of CO ranges from 14.20 to 72.81 which indicates good to mod-
erate AQI category with no known health effects. The AQI for NO> ranges from 104.90 to
143.24 indicating AQI category of unhealthy for sensitive groups to unhealthy, therefore peo-
ple with respiratory or heart disease, the elderly and children should be prevented from this
region. The study established that vehicular activities at the truck-stop could pose great im-
pact on the ambient air quality with sensitive groups most at risk.
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Abstract

The bimetallic and trimetallic 0.3 wt. % Pt-0.3 wt. % Re-x wt. % Sn/AlI203 catalysts (x = 0, 0.07,
0.2, 0.3, 0.4) were prepared through impregnation technique and applied in n-heptane reforming
as a model fuel. The catalysts were characterized using ICP-AES, BET, TPR, H2 chemisorption, and
Volhard-Charpentier method. All catalysts were assessed in terms of their activity, selectivity and
products' yield in a fixed bed micro reactor for n-heptane reforming process. The results showed
that the most appropriate percentage of tin metal, as a promoter, was 0.3%. At least the trime-
tallic catalyst was synthesized using Chemical Vapor Deposition (CVD) technique with the opti-
mized catalyst compositions. According to TEM pictures, the catalysts produced with CVD tech-
nique have smaller particles with very narrow particle size distributions. The nano-particles syn-
thesized by the proposed CVD technique increased catalyst activity (g HC/g cat. hr) and the se-
lectivity of isoparaffin to both of aromatics and undesirable light gaseous products from 37% and
39.5% to 51% and 51.62% respectively, and the selectivity of methane decreased from 1.23% to
0.71%.

Keywords: -Heptane reforming; Impregnation; CVD, Pt-Re-Sn/Al-O; catalyst; Dispersion.

1. Introduction

The naphtha reforming process is very important in the petroleumrefining and petrochem-
ical industries because it is one of the main suppliers of high octane gasoline and aromatic
hydrocarbons. Great improvements in the process have been occurred since 1949 when a
bifunctional metal-acid catalyst was introduced [*-21, The metal function is provided by Pt,
which is supported overthe acid function, chlorinated gamma alumina. Alumina support has
important industrial applications in the petroleum industry in reforming and hydrotreating
processes. The catalytic properties of Pt can be improved by the addition of another metal,
such as Re, Sn or Ge. The major reactions promoted by bifunctional catalysts are hydrogena-
tion, dehydrogenation, isomerization, cyclization and hydrocracking, Therefore, the reaction
to produce aromatic compounds is bifunctional since it uses both the metal and the acid sites
[3-41 The adverse effect of hydrogenolysis reactionthat generate light and volatile hydrocar-
bons stops by sulphidation. Sulphidation venoms the hydrogenolysis active sitesand the cat-
alyst activity decreases, also sulphidation is costly operation and catalyst need to rebuild.
Recently, trimetallic catalysts were studied in order to replace the sulphidation of the metaliic
Pt-Re [ 4-6] The wet impregnation method has traditionally been used to prepare bimetallic
reforming catalysts. It seems necessary to do studies to improve the catalysts performance
through employing different methods of synthesis. In this sense, the Chemical Vapor Deposi-
tion (CVD) method has been reported as an alternative to produce better catalysts. The CVD
process includes reactions of gaseous reactant in an active environment such as heat, light,
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plasma which is used to form a stable solid product. The CVD technique for catalyst prepara-
tion, enables the control of metal particle size with a narrow particle size distribution, regard-
less of metal content [7-11],

Bilone and Helle mentioned that with increasing in the distribution of metal particles, de-
hydrogenation reaction increases [*' 121, Gaseous light product was decreased and liquid prod-
uct and the selectivity of isoparaffin to both of aromatics and undesirable light gaseous in-
creased by CVD synthesized catalysts. This matter can be attributed to the high dispersion
and uniform distribution of active metal particleson the support in CVD synthesized catalyst
in comparison to impregnated catalysts [13-181,

In this study bimetallic and trimetallic 0.3 wt.% Pt-0.3 wt.% Re-x wt.% Sn/Al,Os catalysts
(x =0, 0.07, 0.2, 0.3, 0.4) were prepared through impregnation technique. The catalysts were
assessed in terms of their activity, selectivity, stability and products' yield in a fixed bed micro
reactor at 500°C and 1 bar for n-heptane reforming as model fuel. The results showed that
the most appropriate percentage of tin metal, as a promoter. At least the trimetallic catalyst
was synthesized using CVD technique with the optimized catalyst compositions. All catalysts
also were characterized by BET, TPR, H, chemisorption, ICP-AES, XRD and Volhard-Charpen-
tier method.

2. Experimental
2.1. Catalysts preparation

The support used was a commercial high-purity y-alumina (Cyanamid Ketjen CK300) and
main impurities were Na (5 ppm), Fe (150 ppm) and S (50 ppm). The extruded alumina pellets
were sieved and the 35-80 mesh fractions was separated and dried at 70°C for 8 hr, 120°C
overnight and then calcined at 450°C for 3 hr under flow of air (60 cm?/ min.gr). The specific
surface area of this support was 212.40 m?g~!, the pore volume 0.57 cm?. Impregnation
method was used in order to synthesize 0.3 wt.% Pt-0.3 wt.% Re-x wt.% Sn/AlLOz (x= 0,
0.07, 0.2, 0.3, 0.4) catalysts. The concentration of Pt and Re and Sn were adjusted using
aqueous solutions of H,PtCls and HReO4 and SnCl; (Merck). The catalysts prepared by means
of this protocol were denoted as Cati-Cats. Next, the catalyst was dried at 120°C and calcined
at 370°C for 3 hr and slowly exposed to an oxygen atmosphere during the cooling step. The
catalyst with the optimum percentage of tin (x= 0.3 wt%) synthesized by the CVD method
through direct liquid injection (DLICVD). Precursor used in this methodis SnCls and was ad-
sorbed on catalyst surface and the catalyst was dried, calcined according to above procedure.
The catalyst prepared by this method, denoted as Cats. The compositionsin all calcined cata-
lysts were verified by an ICP-AES system. The catalysts nomenclature and properties are listed
in Table 1.

Table 1. Chemical composition and chlorine content of the catalysts

Targeted composition (wt. %) Measured composition (wt. %)

Catalyst Pt Re Sn Cl Pt Re Sn Cl

Cata 0.3 0.3 0 0.8 0.291 0.289 0 0.78
Cat2 0.3 0.3 0.07 0.8 0.291 0.292 0.067 0.77
Cats 0.3 0.3 0.2 0.8 0.289 0.295 0.19 0.78
Cats 0.3 0.3 0.3 0.8 0.296 0.297 0.294 0.78
Cats 0.3 0.3 0.4 0.8 0.290 0.293 0.398 0.79
Cats 0.3 0.3 0.3 0.8 0.288 0.293 0.288 0.84

2.2, Catalyst characterization

Morphology of all catalysts (Cat:-Cats) were characterized by Volhard—-Charpentier method,
BET, TPR, and H, chemisorptions according to procedure previously reported 11,
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2.3. Catalyst activity and selectivity

One gram of each catalyst (diluted with 4 g quartz) was charged in an Inconel fixed bed
reactor of 2.54cminternal diameter, forming a bed of 54cmheight. The catalyst was reduced
in situ with hydrogen (60 ml/min) for 4 h at 500°C. Then n-heptane (Merck, 99.9%) as a
model fuel (molar ratio of Hx/n-heptane =7.5) was injected to the reactor and the reaction
was carried out for 6 hr at 500°C, 0.1 MPa. The reaction products were analyzed in a HP 5890
SERIES II Gas Chromatograph equipped with flame ionization and thermal conductivity detec-
tors. The products' yields were obtained from the chromatographic data. The yield or the
percentage of n-heptane converted into any product is calculated as [*-21:

%C,100X (1)

>oc
where X is the total conversion; the notification i is any compound concentrationin the reaction
products; >%Cithe sum of concentration of all reaction products (n-heptaneis not included).

For each experiment, the sum of all the Ci yields was in agreement with the n-heptane
conversion. The Carbon balance was considered satisfactory when the error was < 3 %. Fig. 1
shows a schematic view of experimental setup.
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Fig. 1. Schematic view of experimental setup
3. Result and discussion
3.1. Catalyst characterization

The chlorine content and elemental compositions of the calcined catalysts, measured by
Volhard-Charpentier [*- 191 and ICP method, are given in Table 1. The measured metal loadings
were found to be slightly lower compared to the targeted values. As shown, the chlorine con-
tent in the catalyst prepared by CVD technique is higher than the targeted value. This can be
due to the presence of chloride in precursor (SnCls) used for catalyst preparation.

Table 2 presents the surface morphological characterization results for support, the bime-
tallic and trimetallic catalysts synthesized in both CVD and impregnation methods. The results
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of BET surface area (Seer) in this table show that in all casesthe metal incorporation reduced
the specific surface area of the catalysts when compared to the support. Lower Sger and pore
volume of the Cati-Cats catalysts indicate some pore blockage due to Pt-Re loading on the
support. However, this table shows that the amount of pore blockage is lower in the case of
the catalyst prepared by CVD technique. In case of Cats and Cats catalysts, with equal amount
of active metals and promoter loading, have different Sger, which is attributed to synthesis
technique of catalysts. The CVD technique increased the dispersion and caused the promoter
particles on the support were distributed and formed a film on the entire surface. The uniform
and small metal particles size produced through CVD technique increases the efficiency of the
catalyst and also prevents sintering of active metals particles [16-18,20-22]

Table 2. Textural properties of the catalysts

Sample Preparation pore volume Average pore
procedure SBET (m?/q) (mL/g) diameter (A)
Catl Impregnation 209.45 0.53 80.89
Cat2 Impregnation 208.66 0.52 79.40
Cat3 Impregnation 205.15 0.51 75.36
Cat4 Impregnation 203.14 0.49 73.20
Cat5s Impregnation 192.59 0.48 65.45
Caté CVD 206.25 0.50 67.50
Support - 212.40 0.57 99.80

The reducibility of the catalysts in H, atmosphere was determined by TPR experiments. The
TPRspectraof the calcined catalysts are shown in Fig. 2.

TPR peak temperaturesand the TPR area
forall samples are presentedin Table 3. This
M technique allows getting information about
the interaction of the metal components by
means of the measurement of the hydrogen
consumption during the reduction of the oxides
at a constant heating rate. The temperature
at which reduction occurs and the number of
reduction peaks depend on the oxidation
state of the metals, the interaction of the
metal oxides with each other and with the
support. As shown, the TPR peak for tin ox-
ide is very broad, starting at 150°C and end-
ing at 550°C, with two main reduction re-
gions in the 200-300°C and 380-520°C ran-
ges. This is an indication of interaction of Sn
oxide with alumina that is able to produce tin
aluminates. According to this figure the re-
duction peak of catalyst synthesized by CVD
(at) technique (Cats) shifted to higher tempera-
ture compared to the catalyst prepared by
impregnation method (Cats), This can be at-
tributed to difficult reduction for small parti-
cles producedin this method. In TPR spectr,
the peak area is assigned to hydrogen up-

H2 Consum ptiomn (au)

10 0 0 0 0 0l 0

Temperalure(°C) take of each catalyst, so results of Table 3
show the hydrogen consumption increases
Fig. 2. TPR curves for catalysts when the promoters' contentincrease.

The Cats & Cats which contain the same contents of active metals and promoter have dif-
ferent hydrogen consumptionand the hydrogen consumption of Cats was more than Cats. This
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is attributedto small metal particles size and more and regular distribution of tin metal nano-
particles in CVD synthesized catalyst which prevents sintering of active metals particles 21241,

Table 3. Hydrogen consumption and TPR results of catalysts

Catalysts TPR peak (oC) TPR area Catalysts TPR peak (oC) TPR area

Sn+4—-Sn0 peak Sn+4—-5Sn0 peak
Cat2 258 2721 Cat5s 372 4 522
Cat3 262 3063 Cat6 378 4017
Cat4 367 3 556

The results of H, chemisorption are given on Table 4. As shown, changes in catalyst syn-
thesis method from impregnation to CVD increase the percentage dispersion. In CVD prepa-
ration technique the promoter particles on the support were distributed through gases and
sediments of atoms and formed a film on the entire surface. This method of sedimentation
can produce high purity materials with structural nanometer.

Table 4. H2 chemisorption results

Catalyst Dispersion (%)
Cat4 15.1
Cat6 37

3.2. Reaction

Table 5 shows the results of catalysts activity and the different products' yield in n-heptane
reforming reaction. The tin was added to the bimetallic catalyst to increase the isomerization
step and decrease gaseous undesirable products. In the presence of tin, n-heptaneis broken
mostly from intermediate carbons instead of the first and last carbons of molecules [2-61, In
case of Cati-Cat4 catalysts prepared by impregnation technique, with increasing the percent-
age of tin promoter the activity of catalysts increased from 20.48 to 37.65, and then the
catalyst activity decreased. The activity (g HC/g cat.hr) of proposed catalyst synthesized by
CVD technique (Cates) was 51.25 compared to 37.65 for traditionally impregnated catalyst
(Cats) with the equal amount of Sn loading. The Cate is approximately two times more active,
and it can be attributed to small and uniform particles size and consequently the higher dis-
persion of metals particles on the surface of CVD synthesized catalyst [*6-18], Comparative
studies of Cats & Cats catalysts show that Cats have smaller particle size, less pore blockage,
higher Sger; pore volume and percentage of dispersion which can be responsible forit's higher
catalyst activity [16-18 251

Table 5 also shows Cats synthesized through CVD technique with smaller Pt-Re ensembles
(a site composed of a large number of contiguous active metal atoms) has a methane yield of
0.71% compared to the Catscatalyst with methane yield of 1.23%. This is logical, since hy-
drogenolysis occurs better on a large ensemble, so decrease in the metals particle size is
effective in inhibiting the hydrogenolytic activity of the Pt-Re ensembles [/ 261,

It must be taken into account that methane is produced mainly from a hydrogenolysis
reaction catalyzed by the metal sites, while propane is formed by a bifunctional mechanism
controlled by the acid function of the catalyst. As shown in this table, forimpregnated catalysts
series (Cati-Cats), with increasing percentage of tin from 0.07 to 0.3 wt%, gaseous light and
undesirable products decreased. Comparing the product yields for impregnation catalysts
(Cati-Cats), it can be seen that, benzene and toluene and methyl cyclohexane yields increased
from 3.28%, 2.78% and 2.39% to 10.87%, 5.54% and 9.74% respectively. In this catalysts
series, higher benzene, toluene and methyl cyclohexane yields belong to Cats and it is related
to the increase in dehydrogenation step through the catalytic process.
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As shown in Table 5 and Fig 3, Cate de-
creased gaseous light, increased liquid prod-
ucts with high octane number and selectivity
of isoparaffins to aromatics, in comparison to
Cats. This matter can be attributed to the
high dispersion and uniform distribution of
active metal particle on the support in CVD
synthesized catalyst in comparison to im-
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( [

Selectivity (%o)
)
M

(=]
1
e
=
=

51 =" pregnated catalysts, which can cause to in-
0 i Rk i crease dehydrogenation reactions through n-
&u\‘",\\\r&& Qé‘" (.Vé‘c‘ \s:\““ \,:_:bQ heptane reforming. On the other hand, uni-
Y P § form distribution of small active metal parti-
%G" cles causes olefin intermediate molecules

6&\\\ produced on a metal site easily adsorb on

adjacent metal site and don't traverse long
trajectory and possible expos to existing
acidic sites (capable to cracking reaction) on
the catalyst support. Therefore in CVD synthesized catalyst the possibility of two-factor reac-
tions that lead to the production of gaseous undesirable products reduced.

Fig. 3. Comparison selectivity of Cats and Cats

Table 5. Catalysts' activity and yield of different products in n-heptane reforming reaction

Catalyst Activity

(g HC/g Yield (%)
cat. h)
Benzene Toluene Ethane Methane Propane MCyH*

Catl 20.48 3.28 2.78 5.45 3.87 7.52 2.39
Cat2 29.52 5.54 3.36 4.74 3.22 6.51 4.46
Cat3 31.36 9.63 4.70 3.65 2.24 4.45 7.32
Cat4 37.65 10.87 5.54 3.09 1.23 3.23 9.74
Cat5 35.2 10.10 5.32 3.1 1.54 3.18 8.82
Cat6 51.25 12.60 7.52 1.84 0.71 2.31 14.25

*MCyH -methyl cyclohexane
4. Conclusion

The bimetallic and trimetallic 0.3 wt.% Pt-0.3 wt.% Re-x wt.% Sn/Al,0Os (x = 0, 0.07, 0.2,
0.3, 0.4) catalysts were synthesized by impregnation and 0.3%Pt-0.3%Re-0.3%Sn/Al.0s (op-
timized catalyst compositions) was synthesized by CVD method and applied in n-heptane re-
forming process as a model fuel. According to H. chemisorptions data and Seer, the CVD tech-
nique produces small and uniform nano-particles and consequently increases the dispersion
of nano-particles on the alumina supports. According to TPR profile, these Pt-Re nano-particles
were reduced at higher temperatures due toincreasing metal-support interactions. It was also
found that activity and selectivity of the catalysts are dependent to the synthesize method.
The proposed Pt-Re-Sn nano-catalyst synthesized by CVD technique increased the catalyst
activity and the yield of benzene; toluene; and methyl cyclohexane. Also the yields of unde-
sirable products like methane decreased.
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Abstract

In this study, the fluid loss and rheological behaviors of 6% bentonite drilling mud contaminated
individually with 6% salt and 6% used motor oil have been investigated. Two models represented
by API static and kinetic fluid loss models have been used to examine the behavior of experimen-
tally uncontaminated 6% bentonite drilling mud tested at room temperature and lasted for 120
minutes. In addition, both API and kinetic models were used to study the behavior of experimen-
tally 6% bentonite drilling mud contaminated independently with 6% salt and 6% used motor oil
tested under similar conditions as uncontaminated drilling mud. All the fluid loss tests have been
performed under two different applied pressures represented by 25 psi (172 kPa) and 90 psi (621 kPa).
Moreover, four different models represented by a power law, Bingham, Herschel- Buckley (H-B),
and hyperbolic models were used to investigate the rheological behavior of experimentally uncon-
taminated 6% drilling mud tested under two different temperatures represented by 25°C and 50°C.
The similar rheological study has been performed on experimentally 6% bentonite drilling mud
contaminated separately with 6% salt and 6% used motor oil tested under similar conditions as
uncontaminated drilling mud. For the applied pressure of 25 psi, it was shown that the maximum
fluid loss is increased by 244% and 31% as the salt and used motor oil contaminations increased
from 0% to 6% respectively. Furthermore, it was shown that the maximum shear stresses for 6%
bentonite drilling mud tested at 50°C increased by 104% and 59% as the salt and oil contamina-
tions increased from 0% to 6% respectively. Finally, the kinetic model was better than API for
fluid loss prediction and the hyperbolic model was the best for rheological properties evaluation
with the highest R? of 0.98 and lowest RMSE of 0.14 Pa.

Keywords: fluid loss; rheological behavior; bentonite drilling mud; contamination; salt; used motor oil; kinetic model;
API model; hyperbolic model; temperature,; Bingham,; power law,; Herschel- Buckiey.

1. Introduction

Boring mud or drilling fluid is a thick, viscous fluid combination that is used in oi and gas
drilling progressions to carry rock cuttings to the surface and to lubricate and cool the drill bit 1,
In the drilling processes, the hydrostatic pressure prevents the collapse of unstable stratainto
the borehole and the infiltration of water from water-bearing strata that might be confronted [2.
The mud or drilling fluid systemis the single constituent of the well-construction advancement
that remains in contact with the wellbore during the entire drilling operation. The drilling - fluid
systems are designed to exhibit severe wellbore conditions 31, New enhancements in drilling-
fluid expertise have made it attainable to reach a cost-effective, suitable-for-purpose system
for every step in the well construction practice #1. There are different types of drilling fluids
based on their composition and uses. Three main factors affect the type of drilling fluid rep-
resented by the cost, technical implementation, and environmental influence. The annual clas-
sification of fluid schemes includes several categories of drilling fluids such as freshwater sys-
tems, saltwater system, oil or synthetic based systems, and pneumatic fluid system[5-¢1, Qil
based systems have been developed in the early 1960s to handle several drilling problems
including clay swelling, the reaction between clay and formation, slough after exposure to
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water based fluid systems, increasing downhole temperature, stuck pipe, contaminants,
torque, and drag 1.

Commonly, saltwaterdrilling fluids are used for drilling salt formations and shale inhabita-
tion [81, This type of drilling fluids is established to restrain the formation to be similar as ice-
type hydrates and accumulate around subsea wellheads and well-control equipment, blocking
lines and impeding critical operations. The most used type of drilling mud is the water-based
mud that is used frequently all around the world where the composition in mainly waterand
bentonite. The bentonite has the ability to add some degree of viscosity to the drilling mud
and assists to carry drilled cuttings up the annulus of the well bore, and hence, it is being
added to water based drilling mud 91,

In addition, clay or polymers can be added to generate the viscosity in the water based
drilling mud. The clay is the cheapest and most broadly used additive for viscosity control in
the water-based mud [*°1, In the drilling mud, the clay is responsible for intensifying viscosity
to enhance the lifting capacity of the mud to transport cuttings to the surface, especially in
larger holes where annular velocity is low. Furthermore, the clay can facilitate to build a wall
filter cake in permeable zones to prevent fluid loss [11],

The contamination in the drilling mud is extremely a serious problem that can happen dur-
ing drilling operation [*21, Mud can be contaminated when any foreign material appears the
mud system and produces unfavorable changes in the mud properties such as the viscosity,
the density, and filtration. Water based mud systems are highly exposed to contamination
among other kinds of drilling muds. Mud contamination can be caused by over treating the
mud system with additives or from the material entering into the mud during drilling. The
most frequent contaminants of water-based drilling mud systems are solids gypsum/anhy-
drite, makeup water, soluble sulfides, cement/lime, salt / saltwater flow, and soluble bicar-
bonates and carbonates.

The most affected characteristics are the rheological properties including yield stress, plas-
tic viscosity, filter cake, and gel strength, stability against contamination, and stability under
different operating conditions [*31, A number of factors can affect the rheological properties of
the drilling mud such as pressure, temperature, and contaminants [*41, In the drilling opera-
tions, the drilling mud is polluted with different contaminants such as salts, cement, and drill
solids. Salt contamination can come from salt beds during drilling or from formation water
influx. At high temperature, the drilling mud remedy is required since the mud is unable to
tolerate the contaminants 51, The drilling fluid efficiency and performance in drilling operation
is influenced by its rheological properties, so it is required to investigate the driling mud
rheological properties and parameters at the downhole conditions €],

The rheological properties of two drilling muds have been studied, and the results have
shown that the drilling mud with stable properties is needed at high pressures and tempera-
tures [*31, The effect of NaCl salt as a contaminant on the rheological properties of bentonite
drilling mud has been studied where both plastic viscosity and electrical resistivity were de-
creased with increasing salt content [*71, It was shown that the contamination could increase
the filter loss by 30% and decrease the electrical resistivity by 86% compared to the same
sample with no contamination [*8], The effect of different electrolyses on the viscosity of water
based drilling mud at different testing conditions has been investigated [*91. This study has
concluded that NaCl salt contamination increases the shear stress versus shear strain rate
relationship whereas KCl contamination decreases the shear stress versus shear strain rate
relationship of water based drilling mud. The effect of polyelectrolyte in salt-free and salt
contaminated drilling fluid systems have been examined [*41, The polyelectrolyte is a super
fluid loss reducer and might be used as a stabilizer for bentonite drilling mud by building good
temperature resistance with anti-aging performance. The effects of pressure and temperature
on the drilling mud properties have been studied by many researchers [29-211 In addition, the
effect of salt contamination on the drilling fluid has been examined by some researchers [22],
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The main objective of this study is to investigate the effects of salt and used motor oil
contaminations on the behavior of bentonite drilling mud. The specific objectives are as fol-
lows:

1. Study the effect of salt and used motor oil contaminations on the fluid loss behavior of 6%
bentonite drilling mud tested at roomtemperature under the effect of two applied pressures
represented by 25 psi (172 kPa) and 90 psi (621 kPa) and all the tests lasted for 120
minutes. In addition, API and kinetic models were used to predict the fluid loss behavior.

2. Examine the effect of salt and used motor oil contaminations on the rheological behavior of
6% bentonite drilling mud tested under two different temperatures represented by 25° C
and 50° C. Moreover; power law, Bingham, Herschel- Buckley (H-B), and hyperbolic models
were used to evaluate the rheological behavior.

2. Materials and methods
2.1. Material
2.1.1. Bentonite

The mineral bentonite is found all around the world. It is the result of volcanic ash weath-
ering. Bentonite has the ability to react as a fluid when mechanically stressed especially when
it is shaken or stirred. Nevertheless, it hardens in inactive condition due to the viscosity in-
crease. In this study, unaltered light commercial sodium bentonite was used to prepare water
based drilling mud with 6% bentonite (w/w) content. The hydraulic conductivity of the ben-
tonite was 1*107° my/sec.

2.1.2. Salt

Sodium chloride or salt is an ionic compound with a chemical formula of NaCl representing
a 1:1 ratio of sodium and chloride ions. Sodium chloride is the responsible for the salinity of
seawater, and it is generally used as a condiment and food preservative.

2.1.3. Used motor oil

Crude oil or petroleum (in this study “heavy used engine oil”), is unprocessed oil found
deep beneath the surface of the earth. Its color ranges from clear to black and found as a
liquid or solid. The overall properties of the crude oils are dependent upon their chemical
compositions and structure. The crude oil consists of hydrocarbons compounds. The main
hydrocarbons exist in crude oil are aliphatics, alicyclics and Polycyclic Aromatic Hydrocarbons
(PAH).

2.2. Methods
2.2.1. OFITE model 900 viscometer

The OFITE model 900 viscometer is a small portable fully automated systemused for meas-
uring fluid viscosity. It is made of cylindrical rotational viscometer, which uses a transducer
to determine the induced angle of rotation of the bob by a fluid sample. The tested fluid is
contained in the shear gab or annular space between the rotor and bob, which is connected
to a shaft with a spring.

The viscous drag generated by the fluid produces a torque on the bob that is observed by
the transducer that computes the angular displacement of the bob.

2.2.2. Filter press

The series 300 LPLT filter press (API Filter Press) is the most used means for measuring
the filtration properties of the drilling muds and cement slurries. LPLT filter press assemblies
contain a mud reservoir mounted in a frame, pressure source, filtering medium, and a grad-
uated cylinder for collecting filtrate. As specified by the American PetroleumInstitute (API),
the working pressure is 100 psi (689 kPa), and the filtering areais 7.1 in? (46 cm?). The fil-
ter press design features a cell body to hold the mud sample, a pressure inlet, and a base
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cap with screen and filter press. These units have been used by the industry for field and la-
boratory uses.

2.2.3. Drilling mud mixer

Drilling fluid formulations are normally mixed using different shearing devices having ei-
ther fixed or variable speeds. API recommends single mud impeller blade where the blades
can be in different forms such as rounded propellers, waveformshapes, and sharp blades.
These mixers can also be used to mix cement forlaboratory or field-testing

3. Modeling
3.1. Modeling of the rheological properties
3.1.1. Power law

The power law model is a fluid model that used to define a non-Newtonian fluid where there
an exponential relationship between shear stress and shear strain rate as follows:

T=K;y™ (1)
where:K, =is the fluid consistency unit; n, = is the powerlaw exponent.

g = Kyngymt 2
dy 1Y (2)
d?t _ n;—2

=y — DnyKyy (3)
When y =00 = 1,4 = (4)

Thus, the upper shearstresslimit condition is not satisfied when power law model is used.
3.1.2. Bingham model

Bingham model is a two-parameter rheological model that is widely used to describe the
flow characteristics of many types of drilling muds. The mathematical form of the model is as
follows:

T=Yp, + B *y (5)
where: 1= shearstress, y = shearrate, Yp = yield point, Pv = plastic viscosity.

Fluid obeys the Bingham model exhibit a linear shear stress-shear strain rate behavior. The
plastic viscosity (Pv) clearly identifies the slope of the line, and the yield point (Yp) is the
threshold shear stress. Py is kept as low as possible for fast drilling to minimize colloidal solids.
Yr should be high enough to transport cuttings out of the hole, but not so large as to create
extreme pump pressure as the mudflow starts. Yp is controlled using different choices of mud
treatment.

3.1.3. Herschel-Bulkley model (H-B model)

The Herschel-Bulkley model is defined a fluid using three parameters that can be repre-

sented mathematically as follows [241:

T="Toy — Kop™ (6)

where 7,74,,y, K2 and nz represent the shear stress (Pa), yield stress (Pa), shear strain rate
(1/s), correction parameter and flow behaviorindex respectively.

For the rigid material; the model assumes that below the yield stress (7o), the slurry be-
haves as a rigid solid similar to Bingham plastic model. For the material flows as a Power law
fluid, the exponent n describes the shear thinning and shear thickening behavior. Slurries are
considered as shear thinning when n<1 and shear thickening when n>1. A fluid becomes shear
thinning when the apparent viscosity decreases with the increase in shear strain rate.

Thus, the model should satisfy the following conditions:

j_; = K,n, vy > 0= K,n, >0 (7)
d? . _
dT/; = K,n,(n, — 1)Y(n2 2) = K,n,(n, —1) <0
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wheny - 0 =1, ., = o (8)
Hence, Herschel-Bulkley model does not satisfy the upper limit condition for the shear
stress limit.

3.1.4. Hyperbolic model

Relationship between shear stress and shear strain rate of water based drilling mud was in-
spected. Based on the investigation of the laboratory tested data, the following hyperbolic
relationship can be proposed:

A

T_TO=

: (9)
A+Dy
where 1, is the yield stress (Pa), A(Pas)™!, and D(Pa)™!, are model parameters and vy is the

shearstrain rate (s7%).
dt _ (A+Dy)(0)-AD _ -AD

dy ~  (A+Dy)2  (A+Dy)? >0=>A>0

d?t —2AD?

d_yz = m <0=>D>0

when y:w:rmaX:%+ro (10)

It is clearly shown that this model has a limit on the maximum shear stress, which can be
produced by the fluid at a relatively high rate of shear strains.

3.2. Modeling of the filtering process
3.2.1. General model

The traditional method to calculate the infiltration through filter cake is given by the fol-
lowing equations [25-28], Thefilter press is used to determine: (1) the filtration rate in a stand-
ard filter paper, and (2) the rate of mud cake thickness increase on the standard filter paper.
Based on Darcy’s law, the rate of infiltration is given by:

dve _ k(DALAP
at - u(Mhpe ~ 0 (11)

During the filtration process, the volume of infiltrated solids in the mud is equal to the
volume of depositedsolids in the filter cake:
fsm(t)vm = fsc(DhpcAo (12)
where f,,, = volume fraction of solids in the mud and f,. = volume fraction of solids in the
cake.
fsm(t) (hcho + Vf) = fsc(DhpmcAo (13)
— fsm(®Ve _ Ve

hmc T Ay (Fsc(®—fsm (D) Ao(f%:l(t)_l) (14)

v Substitutin(g)Eq. (14) into Eq. 811):
£ _ (tk(®ALAP fse oy
o VeV = [y <2 (fsm () —1)dt (15)
3.2.2. Static model (API model)

The static model has been build based on the following assumptions:
1. It was assumed that the filter cake is formed initially; however, this is not true since at
the start thereis no cake formation in either experimental or real field situation.
2. The percentage of solids in the cake to the solids in the mud is constant, but in fact, it
increases with time to a limiting value when the flow is stopped.
3. The cake permeability is constant, but in reality, it should decrease with the time.
By applying these assumptions to equation (15) and performing the integration with the
initial condition, the following equation is obtained:

_ fse _ i3
Vi—V, = ZkAP(fsm 1) A, = (16)
Equation (16) can be re-written as follows:
Vi— Vo= M=/t (17)
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where: V; = volume of fluid loss (cm?), v, = initial volume of fluid loss (cm?®), k = drilling mud
permeability (Darcy), k, = initial permeability of driling mud (Darcy), AP = applied pressure
(atm), f,. = Volume fraction of solid in the cake, f,,, = volume fraction in mud, V,, = volume of
solids in mud, A, = filteris a (cm?), t =time (minute), u = mud viscosity (cp), h,,. = the thick-

2kAP(ffi— 1)

If the time is considered to be () in Eq. (17), the volume of the fluid loss will be (o), and
this cannot happen in reality. Hence, static (API) model does not satisfy the total filtration
volume.

ness of the filter mud cake (cm), M= A,.

3.2.3. New kinetic (hyperbolic) model

This model is developed based on the fact that the rate of infiltration is dependent on
several factors such as the permeability of the filter cake, the ratio of the solid content in the
cake to the solid content in the mud, and the time [271,

dv

dv _ fse o)) = NKE (fse )’
Y — (k) - (®) = Nk (fsm) (18)
This model has the following features:
1. The rate of change in the permeability can be quantified as shown in Eq. 19 with L=1:

_ 2A1*k°
~ (A +B;1)? (19)

2. The ratio of the solid content in the cake to the solid content in the mud as a volume
fraction is a function of time shown in Eq. 20 with p=1:

(E_ 1) oot (20)

fom = A +B,t
3. The final form of the filtration equation exhibits the formof hyperbolic function after sub-
stituting Egs. (19) and (20) into Eq. (15) and performing integration of the equation with
applying the initial conditions:
Ve Vo =N 0= (21)

where: A; = fluid loss parameter, B; = arbitrary constant (1/min), a, = arbitrary constant
(1/min), A, = filter area (cm?), V, = Initial value of drilling mud infiltration (cm?),

| 2xRg*xag*AP
N=Tum e

The parameter A; represents the initial rate of the infiltration, while the constant B; repre-
sents the final stage of infiltration. Moreover, Eq. (21) satisfies the following criteria:

1. The total infiltration volume has a limiting value where no more infiltration could happen
becausethe particle is blocking all the open porous in the filter cake medium.

2. None of the mentioned properties can be checked in the API model; however, these
changes in the properties can be monitored in the field or the laboratory. In addition, this
model can be used to model both short and long term infiltration-time relationships.

3. Both A; and B; are functions of pressure and time.

3.3. Comparison of model predictions

In orderto evaluate the accuracy of any model predictions in the study, both the root mean
square error (RMSE) and the coefficient of determination (R?) as defined in Egs. (22) and (23)
were quantified using [281:

Zit, (yi—xi)?

RMSE = N, (22)
2
2 _ Zixi -0 (yi-9) )
R (\/Ei(xi —4/Tiyi-9)? (23)

where yi is the actual value; x;is the calculated value fromthe model; yis the mean of actual
values; x is the mean of calculated values and N: is the number of data points.
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4. Results and analysis
4.1. General

The results and analysis of 28 laboratory experimental tests conducted on water based
drilling mud where 14 experiments have done to model the filtration phenomenon and the
rest have been performed for the rheological properties. For the fluid loss experiments, two
set of tests have been performed using pressures of 25 psiand 90 psi on 6% uncontaminated
bentonite drilling mud and the tests have lasted for 120 minutes. The same fluid loss experi-
mental tests have beendone on 6% bentonite drilling mud contaminated separately with salt
and used motor oil using pressures of 25 psi and 90 psi and the tests have lasted for 120
minutes. Forthe rheological experiments, two set of tests have been performed at two differ-
ent temperatures at 25°C and 50°C on 6% uncontaminated bentonite drilling mud. Similar
rheological experimental tests have been performed on 6% bentonite drilling mud contami-
nated individually with salt and used motor oil at two different temperatures at 25°C and 50°C.

4.2. Filtration experimental tests

The validity of both kinetic hyperbolic and API models was considered for long -term results
(t > 30 min). Most of thereal laboratory or field tests can be performed for more than 30 min;
therefore, it is important to check the filtration phenomenon for more than 30 min where
implicit changes occur in cake permeability, so the lid content ratio in the cake to the mud,
and cake porosity.

The variation of fluid loss with time for uncontaminated 6% bentonite drilling mud under
two different applied pressures of 25 psi and 90 psi have shown in Fig. 1. The experimental
tests have done at room temperature and lasted for 120 minutes. With increasing the timg,
the API model prediction increased with no limit on the fluid loss compared to the kinetic
hyperbolic model that limited the maximum fluid loss to (V.+ N/B). The effect of applied pres-
sure is ignored in the API model whereas both A and B parameters include the effect of applied
pressure in the kinetic hyperbolic model. Experimental tests have shown that the maximum
fluid loss for the 6% bentonite drilling mud at the final tested time of 120 min were 35 cm?
and 42 cm?® at applied pressures of 90 psi and 25 psi respectively. As the applied pressure
increased from 25 psi to 90 psi, the maximum fluid loss increased by 20% because fluid flow
increased under the effect of higher applied pressure.

a |l b
3 2 B
- i

avws (om )
N

Fluid Loss {em3)

Flukd L

l‘ + Experimental Data
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] === [iretic Model

Time min} Time (min)

Figure 1. The variation of fluid loss with time for uncontaminated 6% bentonite drilling mud at room
temperature under two different applied pressures of (a) applied pressure = 25 psi, and (b) applied
pressure = 90 psi

Similarly, the variation of fluid loss with time for 6% bentonite drilling mud contaminated
with 6% salt undertwo different applied pressures of 25 psi and 90 psi have shown in Fig. 2.
The experimental tests have done at room temperature and lasted for 120 minutes. Experi-
mental tests have shown that the maximum fluid loss for the 6% bentonite drilling mud con-
taminated with 6% salt at the final tested time of 120 min was 120.5 cm® and 132.8 cm?’ at
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applied pressures of 90 psiand 25 psirespectively. As the applied pressure increased from 25
psi to 90 psi, the maximum fluid loss increased by 10% because fluid flow increased under
the effect of higher applied pressure. For the applied pressure of 25 psi, the maximum fluid
loss is increased by 244% as the salt contamination increased from0% to 6%. Forthe applied
pressure of 90 psi, the maximum fluid loss is increased by 216% as the salt contamination
increased from 0% to 6%. The salt has the tendency to increase the fluid loss since the salt
increases the flocculation of clay particles that leads to more particles settlement in a shorter time.
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Figure 2. The variation of fluid loss with time for 6% bentonite drilling mud contaminated with 6%

salt at room temperature under two different applied pressures of (a) applied pressure = 25 psi, and (b)
applied pressure = 90 psi

Similarly, the variation of fluid loss with time for 6% bentonite drilling mud contaminated
with 6% used motor oil under two different applied pressures of 25 psiand 90 psi have shown
in Fig. 3.
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Figure 3. The variation of fluid loss with time for 6% bentonite drilling mud contaminated with 6% used
motor oil at room temperature under two different applied pressures of (a) applied pressure = 25 psi,
and (b) applied pressure = 90 psi

The experimental tests have done at roomtemperature and lasted for 120 minutes. Exper-
imental tests have shownthat the maximum fluid loss for the 6% bentonite drilling mud con-
taminated with 6% used motor oil at the final tested time of 120 min were 46 cm?® and 55.5
cm?® at applied pressures of 90 psi and 25 psi respectively. As the applied pressure increased
from 25 psi to 90 psi, the maximum fluid loss increased by 21% because fluid flow increased
under the effect of higher applied pressure. For the applied pressure of 25 psi, the maximum
fluid loss is increased by 31% as the used oil contamination increased from 0% to 6%. For
the applied pressure of 90 psi, the maximum fluid loss is increased by 32% as the used oil
contamination increased from 0% to 6%. The oil has the tendency to increase the fluid loss
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since the oil decreases the friction between the clay particles that leads to more particles
settlementin a shorter time.

4.3. Rheological properties analysis

The rheological experimental tests have been performed on uncontaminated 6% bentonite
drilling mud under two different temperatures of 25°C and 50°C. In addition, similar experi-
mental tests have been performed on 6% bentonite drilling mud contaminated separately with
6% salt and 6% used motor oil.

4.4. Experimental tests at 25°C

The variation of shear stress with a shear strain rate of uncontaminated 6% bentonite
drilling mud at 25°C has shown in Fig. 4. Four different models including power law, Bingham,
Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model parameters
with their accuracy predictions have summarized in Table 1. The maximum measured shear
stress for uncontaminated 6% bentonite drilling mud at 25°C was 8.6 Pa at a shear strain rate
of 1700 (1/s). All the models predicted the maximum shear stress very well with the highest
R? of 0.97 and lowest RMSE of 0.3 Pa.

Table 1. Models prediction parameters for uncontaminated 6% bentonite drilling mud tested at 25°C

Power law Bingham
Bentonite Salt Oil Ty K n RMSE R2 To 11 RMSE R2
(%) (%) (%) (Pa) (Pa) (Pa) (cP) (Pa)
6 0 0 1.9 0.8 0.62 0.46 0.93 2.1 0.0035 0.3 0.97 -
Herschel- Buckley (H-B) Hyperbolic
Bentonite Salt Oil Ty k RMSE R2 Ty A B RMSE R2
(%) (%) (%) (Pa) (Pas) " (Pa) (Pa) (Pah)  (Pa)” (Pa)
6 0 0 1.79 0.06 0.66 0.35 0.93 2.5 255 0.008 0.3 0.97

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-
inated with 6% salt at 25° C has shownin Fig. 5. Four different models including power law,
Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model pa-
rameters with their accuracy predictions have summarized in Table 2. The maximum meas-
ured shear stress for 6% bentonite drilling mud contaminated with 6% salt at 25°C was 5.8
Pa at a shear strain rate of 1700 (1/s). All the models predicted the maximum shear stress
very well, and the hyperbolic model was the best with the highest R? of 0.98 and lowest RMSE
of 0.14 Pa. The maximum shear stress for 6% bentonite drilling mud tested at 25° C decreased
by 48% as the salt contamination increased from 0% to 6% because the salt causes dispersion
between clay particles leads to lower measured maximum shear stress.

Table 2. Models prediction parameters for 6% bentonite drilling mud contaminated with 6% salt tested
at 25°C

Power law Bingham
Bentonite Salt Oil T, K n RMSE R2 T 1 RMSE R2
(%) (%) (%) (Pa) (Pa) (Pa)  (cP) (Pa)
6 6 0 1.4 0.06 0.62 0.3 0.93 1.8 0.0027 0.18 0.97 -
Herschel- Buckley (H-B) Hyperbolic
Bentonite Salt Qil Ty k RMSE R2 Ty A B RMSE R?
(%) (%) (%) (Pa) (Pas) ™  (pa) (Pa) (Pah)  (Pa)7! (Pa)
6 6 0 1.8 0.055 0.62 0.3 0.93 2 380 0.008 0.14 0.98
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Figure 4. The variation of shear stress with shear strain rate for uncontaminated 6% bentonite drilling
mud tested at 25°C
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Figure 5. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-
nated with 6% salt tested at 25°C

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-
inated with 6% used motor oil at 25°C has shown in Fig. 6. Four different models including
power law, Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the
model parameters with their accuracy predictions have summarized in Table 3. The maximum
measured shear stress for 6% bentonite drilling mud contaminated with 6% used motor oil at
25°C was 12.2 Pa at a shear strain rate of 1700 (1/s). Almost all the models predicted the
maximum shear stress very well, and both the Binghamand hyperbolic models were the best
with the highest R? of 0.95 and lowest RMSE of 0.48 Pa. The maximum shear stress for 6%
bentonite drilling mud tested at 25°C increased by 42% as the used motor oil contamination
increased from 0% to 6% because the used motor oil has lower density than clay particles
that make the medium to have more clay particles in less volume leads to higher measured
maximum shear stress.

Table 3. Models prediction parameters for 6% bentonite drilling mud contaminated with 6% used motor
oil tested at 25°C

Power law Bingham
Bentonite Salt Oil Ty K n RMSE 2 T, u RMSE R2
(%) (%) (%) (Pa) (Pa) (Pa) (cP) (Pa)
6 0 6 4.86 0.94 0.32 1.12 0.78 4.42 0.0044 0.48 0.95 -
Herschel- Buckley (H-B) Hyperbolic
Bentonite Salt Oil T k RMSE R2 T A B RMSE R2
(%) (%) (%) (Pa) (Pas) " (Pa) (Pa) (Pah)  (PA)'  (Pa)
6 0 6 4.45 0.085 0.62 0.79 0.89 4.5 230 0.004 0.53 0.95
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Figure 6. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-
nated with 6% used motor oil tested at 25°C
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Figure 7. The variation of shear stress with shear strain rate for uncontaminated 6% bentonite drilling
mud tested at 50° C

4.5. Experimental tests at 50°C

The variation of shear stress with a shear strain rate of uncontaminated 6% bentonite
drilling mud at 50°C has shown in Fig. 8. Four different models including power law, Bingham,
Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model parameters
with their accuracy predictions have summarized in Table 4. The maximum measured shear
stress for uncontaminated 6% bentonite drilling mud at 50°C was 11.6 Pa at a shear strain
rate of 1700 (1/s). All the models predicted the maximum shear stress very well with the
highest R? of 0.98 and lowest RMSE of 0.22 Pa. The maximum shear stress for uncontaminated

6% bentonite drilling mud increased by 35% as the testing temperature increased from25° C
to 50°C.

Table 4. Models prediction parameters for uncontaminated 6% bentonite drilling mud tested at 50° C

Power law Bingham
Bentonite Salt Oil Ty K n RMSE 2 Ty u RMSE R2
(%) (%) (%) (Pa) (Pa) (Pa)  (cP) (Pa)
6 0 0 4.6 0.6 0.4 0.73 0.80 5.9 0.0035 0.22 0.98 -
Herschel- Buckley (H-B) Hyperbolic
Bentonite Salt Oil Ty k RMSE 2 Ty A B RMSE 2
(%) (%) (%) (Pa) (Pas) " (pa) R ey (@aH (@'  (pa) R
6 0 0 6.11 0.067 0.62 0.42 0.93 6.1 290 0.004 0.22 0.98

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-
inated with 6% salt at 50°C has shown in Fig. 9. Four different models including power law,
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Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the model pa-
rameters with their accuracy predictions have summarized in Table 5. The maximum meas-
ured shear stress for 6% bentonite drilling mud contaminated with 6% salt at 50°C was 5.7
Pa at a shear strain rate of 1700 (1/s). All the models predicted the maximum shear stress
very well, and the hyperbolic model was the best with the highest R? of 0.98 and lowest RMSE
of 0.16 Pa. The maximum shear stress for 6% bentonite drilling mud tested at 50° C decreased
by 104% as the salt contamination increased from 0% to 6%. The maximum shear stress for
6% bentonite drilling mud contaminated with 6% salt decreased by 2% as the testing tem-
perature increased from 25°C to 50°C.
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Figure 8. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-
nated with 6% salt tested at 50°C
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Figure 9. The variation of shear stress with shear strain rate for 6% bentonite drilling mud contami-
nated with 6% used motor oil tested at 50°C

Table 5. Models prediction parameters for 6% bentonite drilling mud contaminated with 6% salt tested
at 50°C

Power law Bingham
Bentonite Salt Oil Ty K n RMSE 2 Ty u RMSE R2
(%) (%) (%) (Pa) (Pa) (Pa)  (cP) (Pa)
6 6 0 1.3 0.06 0.6 0.25 0.95 1.5 0.0025 0.19 0.97 -
Herschel- Buckley (H-B) Hyperbolic
Bentonite Salt Oil Ty k RMSE 2 Ty A B RMSE 2
(%) (%) (%) (Pa) (Pas) N (pa) R® Py ah ()™ Pa) R
6 6 0 1.4 0.058 0.6 0.24 0.95 1.7 410 0.004 0.16 0.98

The variation of shear stress with a shear strain rate of 6% bentonite drilling mud contam-
inated with 6% used motor oil at 50°C has shown in Fig. 9. Four different models including
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power law, Bingham, Herschel-Buckley (H-B), and Hyperbolic models have been used. All the
model parameters with their accuracy predictions have summarized in Table 6. The maximum
measured shear stress for 6% bentonite drilling mud contaminated with 6% used motor oil at
50°C was 18.5 Pa at a shear strain rate of 1700 (1/s). All the models predicted the maximum
shear stress very well, and the hyperbolic model was the best with the highest R? of 0.97 and
lowest RMSE of 0.43 Pa. The maximum shear stress for 6% bentonite drilling mud tested at
50°C increased by 59% as the used motor oil contamination increased from 0% to 6%. The
maximum shear stress for 6% bentonite drilling mud contaminated with 6% used motor oil
increased by 52% as the testing temperature increased from 25°C to 50°C.

Table 6. Models prediction parameters for 6% bentonite drilling mud contaminated with 6% used motor
oil tested at 50°C

Power law Bingham
Bentonite Salt Qil Ty K n RMSE R2 T, v RMSE R2
(%) (%) (%) (Pa) (Pa) (Pa) (cP) (Pa)
6 0 6 8.87 2 0.29 0.83 0.89 10.5 0.0047 0.48 0.96 -
Herschel- Buckley (H-B) Hyperbolic
Bentonite Salt Oil Ty k RMSE R2 Ty A B RMSE R?
(%) (%) (%) (Pa) (Pas) " (pa) (Pa) (Pah) (PO)™'  (Pa)
6 0 6 10.9 0.064 0.66 0.67 0.93 10.4 190 0.004 0.43 0.97

5. Conclusions

Based on the experimental results and model predictions of this study, the following con-
clusions can be advanced:

1. Forthe fluid loss prediction, the API model prediction increased nonlinearly with time where
no limit on the maximum fluid loss has been encountered whereas the kinetic hyperbolic
model limited the maximum fluid loss to the quantity (V.+N/B). In addition, the effect of
applied pressure has been neglected in the API model, but the kinetic hyperbolic model has
taken into account the effect of applied pressure.

2. Forthe uncontaminated 6% bentonite drilling mud, the maximum fluid loss is increased by
20% as the applied pressure increased from 25 psi to 90 psi.

3. For the 6% bentonite drilling mud contaminated with 6% salt, the maximum fluid loss is
increased by 10% as the applied pressure increased from 25 psi to 90 psi.

4. Forthe applied pressure of 25 psi, the maximum fluid loss is increased by 244% as the salt
contamination increased from0% to 6%. Forthe applied pressure of 90 psi, the maximum
fluid loss is increased by 216% as the salt contamination increased from 0% to 6%.

5. For the 6% bentonite drilling mud contaminated with 6% used motor oil, the maximum
fluid loss is increased by 21% as the applied pressure increased from 25 psi to 90 psi.

6. Forthe applied pressure of 25 psi, the maximum fluid loss is increased by 31% as the used
oil contamination increased from 0% to 6%. Forthe applied pressure of 90 psi, the maxi-
mum fluid loss is increased by 32% as the used oil contamination increased from 0% to
6%.

7. The maximum measured shear stresses for uncontaminated 6% bentonite driling mud
were 8.6 Paand 11.6 Pa at 25°C and 50°C respectively. However, the maximum measured
shear stresses for 6% bentonite drilling mud contaminated with 6% salt were almost the
same representedby 5.8 Pa and 5.7 Pa at 25°C and 50°C respectively.

8. The maximum measured shear stresses for 6% bentonite drilling mud contaminated with
6% used motor oils were 12.2 Pa and 18.5 Pa at 25° C and 50° C respectively.

9. The maximum shear stresses for 6% bentonite drilling mud tested at 25° C increased by
48% and 42% as the salt and oil contaminations increased from 0% to 60% respectively.
The maximum shear stresses for 6% bentonite drilling mud tested at 50° C increased by
104% and 59% as the salt and oil contaminations increased from 0% to 60% respectively.
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10.All the used models to predict the maximum shear stress were very good and the hyper-
bolic model was the best with the highest R? of 0.98 and lowest RMSE of 0.14 Pa.
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Symbols

T Shear stress Vn Volume of solids in mud

y Shear strain rate A, Filter area

K1 Fluid consistency unit t Time

ni Power law exponent u Mud viscosity

Yp Yield point hone Thickness of the filter mud cake

Pv Plastic viscosity fom Volume fraction of solids in the mud

Toq Yield stress fsc Volume fraction of solids in the cake

14 Shear strain rate Land p Arbitrary constants

K2 Correction parameter A1 Fluid loss parameter

n2 Flow behavior index B1 Arbitrary constant

Tinax Maximum shear stress a, Arbitrary constant

A andD Model parameters A Initial value of drilling mud infiltra-

tion

Ve Volume of fluid loss RMSE Root mean square error

Y, Initial volume of fluid loss R2 Coefficient of determination

k Drilling mud permeability Vi The actual value

k, Initial permeability of drilling mud  xi The calculated value from the model

AP Applied pressure y The mean of actual values;

fsc Volume fraction of solid in cake X The mean of calculated values

fsm Volume fraction in mud N2 The number of data points

M N 2xk,*xa,* AP A

—_—%
u(T) ?
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Abstract

Ruthenium compounds are distinctly toxic and carcinogenic, and its treatment has received much
attention. Within the present studies, a singular magnetic nano zeolite composite (MZNC) became
organized. Natural clinoptilolite tuff changed into nanoparticles by the use of a mechanical tech-
nique. The samples had been carried out to signify the adsorbents by XRD, XRF, FT-IR, DTG, SEM,
and VSM. The nanocomposites were evaluated for Ruthenium (Ru) removal from aqueous solu-
tions. The outcomes of the analytical variables, inclusive of pH, preliminary ion concentration,
contact time, and temperature have been investigated. The saturation magnetization of the nano-
composite turned into measured as 19.50 emu g-! through which the magnetic separations of the
samples have been facilitated after the adsorption procedure. The thermodynamic values of AG®
and AH° represented the endothermic and spontaneous natures of Ru elimination.

Keywords: Magnetic nanocomposite, Nano clinoptilolite, Ruthenium, Isotherm.

1. Introduction

The environmental effect of the release of poisonous and radioactive pollutions from the
nuclearindustry has brought about a wide kind of studies on the removal of such pollutants.
Therefore, to protect human health and the surroundings fromrisks resulting from radioactive
waste and to keep away from any undue burden on future generations, radioactive waste
needs to be controlled responsibly. Ion exchange process is one of the most effective ap-
proaches to the remedy of heavy metals [1~51, Amongst distinct ion exchangers zeolites have
received considerable attentionfor contaminant removal owing to their high exchange capac-
ity, low cost and worldwide abundance [¢-*°1, Considering the largescale utilizations, natural
zeolites seemmore ascendant than synthetic ones, due to theirlow cost, abundant and much
less chemical pollutants during production [*1l, In comparison to the micro-sized zeolites,
nano-crystalline zeolites have greater ion-exchange abilities, quicker exchange kinetics, larger
surface areas, and more adjustable porosities. Yet, in spite of these advantages, separating
them from the medium is the main challenge. This can be coped with by using magnetic
separation technique. By applying nano-magnetic composites, these new methods open a
simpler, faster, and more accurate way to the removal of elements [*2], Despite the fact that
different methods have been reported for the synthesis of nano zeolites, as an alternative
technique, the zeolite particle size may be decreased mechanically using particularly designed
ball mills [*3-171 In spite of these advantages, separation of ion exchangers with the particle
size in nanoscale from the medium is very difficult. This problem could be overcome by using
a magnetic separationtechnique. This technique facilitates nano zeolite separation fromsolu-
tion in synthesis and usage steps since magnetic composites can be separated by efficient,
simple, and fast magnetic separation process. For this kind of separation, extensive researches
have been performed. The present study, magnetic nanocomposite was synthesized and char-
acterized for studying their efficiencies of Ru removal from aqueous solutions. Meanwhile, the
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effects of varied parameters, including pH, initial ion concentration, contact time, and tem-
perature were evaluated and 4 optimized. Moreover, for the experimental data assessment,
different kinetic and isotherm models were employed.

2. Experimental procedure
2.1. Reagents and methods

All the chemical reagents used in this study were of analytical reagent grade [AR Grade].
FeClz.6H.0 (Aldrich 98%), FeCl,.4H.O (Aldrich 99%), and ammonium hydroxide (Aldrich 28-
30% of ammonia) were applied for magnetic particle preparation, and Ru ions were supplied
as ruthenium trichloride hydrate (also fromMerck, Darmstadt, Germany). The natural clinop-
tilolite tuff belonged to Semnan region in the north-east of Iran. Identifications of the struc-
tural phases of the nanocomposite were achieved by usage of a Bruker D8 Advance X-ray
diffractometer. The chemical compositions of the samples were determined through PANalyt-
ical Magix XRF spectrometry. An IR Prestige-21 Model spectrophotometer (Shimadzu, Japan)
was utilized to obtain FT-IR spectra. Thermo-Gravimetric Analysis (TGA) of the samples was
performed using a Mettler TG-50 Thermal Analyzer with a heating rate of 10°C min*. A vibrating
sample magnetometer (Meghnatis Daghigh Kavir Company, Iran) was used to characterize MZNC
magnetic properties. A Philips EM-208S transmission electron microscope was utilized to take
the relevant images. Also, ICP-AES technique (Integra XL by GBC Australia) was employed to
specify Ru concentration. The prepared nanocomposite was separated with the aid of a per-
manent magnet. Finally, the product was washed four times with deionized -deoxygenated
waterand then dried at 50°C for 5 h. The nanocomposite was prepared by adding the amount
of nano zeolite clinoptilolite Fig. 1.

FeCl; 6H,0
FeCl, 4H,0

Zeolite
Nano-crystals Nano-composite

Fig. 1. Scheme of synthesis procedure of the nanocomposite

Magnetic Zeolite

2.2, Adsorption experiments

The adsorption of Ru was studied by a batch technique to discover the optimum conditions.
A sample of 0.05 g of nano zeolite or nanocomposite was equilibrated with 10 mL of Ru solution
of known concentration at the fixed temperature fora known period of time. Afterequilibra-
tion, filtration of the solid phase was followed by centrifugation of the filtrate (3000 rpm for 5
min) while the nano-composite separation from liquid phase was followed with efficient, sim-
ple, and fast filtering. 10 mL of the supernatant solution was then takenfor Ru measurement.
The adsorbed amount of Ru was calculated from the difference in concentrations before and
afteradsorption.
q=(C-C)xV/m (1)
where q is the adsorbed amount of metal ions by a unit mass of zeolite (meq g!); Ci and Ct
are the initial and final Ru concentrations (meq L!), respectively; mis the used amount of
zeolite (g), and V is the volume of Ru solution (L). The effects of different parameters, which
is included initial Ru concentration, the solution pH, the contact time, and the temperature
were investigated.
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3. Results and discussion
3.1. Characterization of M ZNC

The XRD patterns of raw nano- clinoptilolite (NCP) and magnetite zeolite nano-composite
(MZNC) are shown in Figure 2. The characteristic lines at 26 values of 10.1, 11.4, 17.3, 23,
26, 28.2, 30.2, 32, 35, 37 and 39 in the pattern (a) can be attributed to clinoptilolite crystalline
structure data [*8], This confirms that the sample used in this work has a typical clinoptilolite
phase as the microporous component. The diffraction line of iron oxide was observed at 20
values of 35.9, 42 and 73 in the XRD pattern of MZNC sample (b) shows the formation of iron
oxide in the zeolite structure [*°1, The relative line intensity and line position related to zeolite
clinoptilolite remained unchanged, which represented that the crystal structure of zeolite had
been stable during the preparation of composite. Through Scherrer’s equation [2°], the mag-
netite particle size of the composite was appeared to be 22.4 nm.

400 |
300
_ (a) NCP
S —— (b) MZNC
3
£ 200 |
wn
=
8
=
100 -
o L e : : :

20 40 60 80 100

Fig 2. XRD patterns of the nano zeolite (matched with a reference pattern of clinoptilolite) (a), and MZNC (b)

Zeolite and MZNC chemical compositions (Table 1) were obtained by the XRF method. The
composite consisted of 19.86 wt.% Fe>0s. The Si/Al ratio of the present zeolite sample was
4.85, which was consistent with the previous findings placing the ratio within a range of 4-5.5[21],
The sum of the exchangeable ions estimated Theoretical Cation Exchange Capacity (TCEC),
Na*, K*, Ca%*, and Mg?* in the zeolite included. The disparity between TCEC and Cation Ex-
change Capacity (CEC) (Table 1) was owing to the fact that some counter-ion sites in the
zeolite particles were not available for cation exchange.

Table 1. Chemical compositions of zeolite and MZNC obtained through XRF analysis

SiO2 Al203 Na20 TiO2 K20 Cao MgO
CLI 67.41 11.82 2.66 0.10 2.44 1.31 0.71
MZNC 53.21 9.28 1.92 1.096 1.48 1.25 0.71
SrO Fe203 LoI® Total Si/Al TCECC CEC¢
CLI 0.13 1.32 11.46 99.54 4.85 1.736 1.561
MZNC n.d.b 19.86 12.01 99.81 4.87 1.335 1.218

CLI-clinoptilolite; ? Loss on ignition; ° Not detected; ¢ (meq g-*)

The FT-IR spectra of the samples, zeolite, and composite, were reported under a range of
400-4000cm! (Fig. 3). Absorption bands of water at 1638 cm™ in the range of 3000-3600 cn!
confirmed significant hydrations of the zeolite. The band at 1070 cm-! was attributed to the
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asymmetric stretching vibration modes of the internal T-O bonds in TOs tetrahedra (T=Si and Al).
The 609 and 465 cm'! bonds risen from the stretching vibration modes of O-T-0 groups and
the vibration modes of bending of T-0O bonds, respectively [221, About the zeolite, the regions
corresponding to (Si-0O and Al-0) and (O-Si-O and O-Al-0) showed strong bands, which
indicate an increase within the surface areas and aluminosilicate bonds of the zeolite. The charac-
teristically related band to Fe-O-Fe bond of iron oxide must have appeared at 584 cm™ [19],

_
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Figure 3. FTIR spectra of clinoptilolite and MZNC Figure 4. DTG curves of Nano clinoptilolite and
MZNC

In the DTG curves of the nano-zeolite clinoptilolite and MZNC, two weight-loss peaks oc-
curring between 50°C and 120°C were assigned to the loss of the adsorbed water Fig. 4. After
280°C, the adsorbents exhibited no dehydration peaks up to 800°C, which means that the
samples were thermally stable.

The disparity between the amorphous surface structures of the sample of natural zeolite
and nano-zeolite clinoptilolite with a uniform surface was visible in accordance with SEM im-
ages Fig 5 (a and b). Owing to the scarcity of monotony and extensive range of particle di-
mensions, determination of the particle size distribution not be able to accurately carried out
for micro-sized clinoptilolite, according to (Fig. 5a), but for nano-sized particles given in Fig
5b. Also, TEM images illustrated iron oxide particles to have been nano-sized and bound to
the aluminosilicate framework of nano-zeolite (Fig 5¢).

y
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anozeolite

Figure 5 (a, b). SEM images of zeolite clinoptilolite (a) and nano clinoptilolite (b).
Figure 5 (c). The MZNC TEM images

20 - This new composite's feature was its magnetic
15 property, which means that it was characterized by a
T / sample of the vibrating magnetometer in this study Fig
= £ 6. The magnetic curve illustrated no hysteresis loop
% * and remanence, which indicate the good super-para-
g 0 magnetic properties of MZNC. The zero amount of
E -5 F remanence certified that the composite had not re-
EE" 20 i tained magnetization after being exposed to an exter-
15 ‘_.f nal magnetic field and they could be thus re-dispersed
ol after removing the magnetic field. Nanocomposite ex-

a0 s om0 am s nwe  hibited the saturation magnetizations of approxi-
Applied Field(Oe) mately 19.50 emu g'! at 298K. This value verified the

adequate magnetic properties of MZNC to be appealed
Figure 6. The hysteresis loops of MZNC by a permanent magnet.

3.2. Optimization of conditions
3.2.1. Effect of pH

The adsorption of Ru species was at its greatest at pH 2 (Figure. 7), so the present adsomp-
tion studies were performed at that pH. The study of electrochemical and spectral on RuCls in
aqueous solution in the pH of 0.4-2.0 have shown that Ru (III) may exist as four major spe-
cies, [RuC14(H20)2], [[RuC13(H.0)s], [RuC12(H.0)4]*, and/or [RuC1(H.0)s]?**. They are re-
ferred to here as species 1, 2, 3, and 4, respectively. At pH 2, only species 3 was present [23],
The charge repulsion between the zeolite surface and negatively charged species of Ru at
pH<2.0 may be one of the reasons for poor adsorption at these pH values. Competition with
HsO* is another possible reason. At higher pH values, hydroxylions are introduced gradually
to the coordination sphere and negatively charged Ru complexes are produced.

3.2.2. Effect of contact time

The results show that as contact time increased, Ru adsorption increased initially, but then
approached a constant value rapidly (Figure. 8). Equilibrium was attained after 24 h, after
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which time no further significant increase occurred in the level of adsorption. Afterjust 15 h,
92% of the adsorption amount at equilibrium had been achieved. A shaking time of 24 h
employed for all of the equilibrium adsorption studies was sufficient to ensure that adsorption

equilibrium was reached.

12 12

1.0 4 1.0 4
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g £
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Figure 7. pH effect on sorption of Ru Figure 8. Contact time effect on adsorption of Ru

onto clinoptilolite and MZNC
3.3. Adsorption kinetics and thermodynamics

The kinetics of adsorption was evaluated by applying four different models including the
pseudo-first-order equation, the pseudo-second-order equation, Elovich equation, and intra-
particle diffusion model. These models were tested to fit experimental data obtained by batch
experiments.

The pseudo-first-order equation is generally expressed as follows:

In (ge — qt) =In ge — kit (2)
where ge and q: are the ions adsorbed amount per unit mass of the adsorbent at equilibrium
and at any time t, respectively and k1 is the rate constant of pseudo-first-order sorption (min-1).

The values of k1 and ge were regulated from the slope and the intercept of plotting of log
(ge - qt) vs. t. Theresults are listed in Table. 2. Although no extremely low values were obtained
for R2, the calculated ge was not consistent with that of experimental data. Hence, the ad-
sorption process did not follow a pseudo-first-order model. The linear form of the pseudo-

second-order kinetic model is written as follow:

t/qt = 1/(k2qe2) + (1/qe)t (3)
The initial sorption rate can be calculated by the following formula:
h = k2 qe2 (4)

where k2 is the rate constant of pseudo-second-order kinetic sorption (g/mg/min). The calcu-
lated values of k2, ge, and h values and the correlation coefficients (R2) are listed in table 2.
The comparison of k2 values indicated fasterion adsorption onto MZNC is faster than on cli-

noptilolite.
Table 2. Kinetic parameters of pseudo-first-order and pseudo-second-order kinetic models

sorbents Qe (exp.) pseudo-first-order model pseudo-second-order model
(x101)
(Me90 ,(xa0y Sy ke Qo(x10%)  h(x10%) .
(h™) (meqg) (megq*h™) (meqg™) (meqgh?)
Clinoptilolite 9.1 1.775 77.49 0.9868 0.4695 9.4993 4.2366 0.999%4
MZNC 10.3 1.881 63.02 0.9132 0.8468 10.5407 9.4085 0.9999
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3.3.1. Sorption thermodynamics

The effect of sorption temperature on Ru removal was investigated at five different tem-
peratures. The adsorption capacity enhanced with increasing temperature (Fig 9). The thermo-
dynamic parameters, including enthalpy change (AH®) and entropy change (AG®), can be
obtained using the Van't Hoff equation.

In Ks = — (AH’/RT) + (AS°/R) (5)

A plot of Inkd vs. 1/T is shown in Fig 10. The free energy change of the adsorption (AG°)
is calculated as follows:

AG’ = AH’ — TAS® (6)

The calculated thermodynamic parameters are summarized in Table 3. Since AH® values
are positive, the adsorption process is endothermic in nature.

Table 3. Thermodynamic parameters of Ru adsorption

Sorbent AHO ASO AGO (kJ/mol)
(kJ/mol)  (kJ/mol/K) 298(K) 313(K) 328(K) 343(K)
CLI 2.312 29.74 -6.55 -6.99 -7.44 -7.88
MZNC 3.744 30.99 -5.49 -5.95 -6.42 -6.88

CLI- clinoptilolite

The positive values of AS® suggested that the randomness at the solid/solution interface
had increased during the sorption process. The negative values of AG° indicated that Ru ad-
sorption reaction was spontaneous. The decreasein AG® values with increasing temperature
showed that the spontaneous nature of sorption was directly proportional to temperature.
Therefore, the adsorption process was favored when the temperature was augmented. The
greater absolute values of AG® for MZNC compared to clinoptilolite revealed that the adsorp-
tion of the former on Ru had been more favored.
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Figure 9. Temperature effect on Ru adsorption Figure 10. Van't Hoff plot for adsorption of Ru
onto clinoptilolite and MZNC

3.3.2. Sorption isotherm

To investigate the effect of initial concentration, various concentrations of Ru solution were
equilibrated with constant amounts of the adsorbents (Fig 11). The initial fast adsorption was
followed by a slow approach to equilibrium at a higher concentration. Three isothermmodels,
including Langmuir, Freundlich, and Dubinin—Radushkviech (D-R) models were employed to
examine the experimental data.

3.3.3. Langmuir isotherm model

Langmuir isotherm assumes that the sorption occurs at specific homogeneous sites within
the adsorbent. This model is expressed by:
Ce/qe = 1/(Qob) + Ce/Qo (7)
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where Qo denotesthe saturation adsorption capacity (mg/g), and b represents the Langmuir
constant related to the free energy of adsorption calculated fromthe slope and intercept (Table 4).
The plot of Ce/ge vs. Ce is shown in Fig 12. The important parameter of Langmuirisotherm is
the dimensionless constant, RL, which can be calculated as follows:

R. =1/ (1 + bCo) (8)
where Co stands for the highest initial metal ion concentration (mg/L).

Table 4. Adsorption isotherm parameters for Ru adsorption

Isoterm Sorbent Model parameters
Qo (mg/g) bx103(L/mg) RLx103 R?2
Langmuir Clinoptilolite 131.4 19.849 0.01 0.7812
MZNC 405.5 43.759 0.045 0.9998
Model parameters
n Kr (mg/g) R?
Freundlich Clinoptilolite 0.152 262.84 0.9524
MZNC 0.336 928.53 0.9644
Model parameters
B x107° gm (mmol/g) E (kJ/mol) R2
(mol2/k12)
D-R Clinoptilolite 6.38 2.974 12.7 0.9970
MZNC 8.45 3.126 16.0 0.9530

The values of this parameter indicate the unfavorable (RL>1), linear (RL=1), favorable
(0<RL<1), and irreversible (RL=0) types of the adsorption isotherm.
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Figure 11. Differentinitial ion concentration effect
on Ru adsorption onto clinoptilolite and MZNC

Figure 12. Langmuir isotherm plots for adsorption
of Ru onto clinoptilolite and MZNC

3.3.4. Freundlich isotherm model

Freundlich isotherm model makes the assumption that multi-layer sorption occurs at a
heterogeneous surface. This model was used to estimate the intensity of the adsorption pro-
cess and the relative sorption capacity. A linear form of the Freundlich equation is shown as
follows:
log ge = log ks + 1/n log Ce (9)
where Kf denotes the Freundlich constant relevant to the adsorbent capacity, and n displays
the constant related to theintensity of the adsorption process.

The Freundlich isothermis shown in Fig 13, and their constants are represented in Table 4.
The Freundlich constant (n) was greaterthan its unity, indicating that an increasing ten-
dency of the adsorption process had occurred with the elevation of ion concentration. Kf
value of MZNC was higher compared to clinoptilolite, corroborating a greater adsorption ten-
dency of the adsorbents towards MZNC.
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Figure 13. Freundlich isotherm plots for adsorp- Figure 14. D-R isotherm plots for adsorption of
tion of Ru onto clinoptilolite and MZNC Ru onto clinoptilolite and MZNC

3.3.5. Dubinin-Radushkviech isotherm model

D-R isothermwas used to distinguish between the physical and chemical adsorptions of the ions
and estimate the apparent free energies of adsorption. The related equation is given as follows:
INge=INngm-Be? (10)
where gm is the maximum adsorption capacity (mequiv/g), b is the D-R constant related to
the sorption energy (mol?/ K/J2), and e is the Polanyi potential:
€=RTIn (1+ 1/Ce) (11)
where R is the gas constant (kJ-1mol-1K), and T is the absolute temperature (K).

The D-Risothermis plotted in Fig. 14 and the obtained parameters are representedin Table 5.
In a solution, when 1 mol of an ion is transferred to the surface of an adsorbent frominfinity,
its free energy is called the mean energy of adsorption (E), which is calculated as follows:
E=(2B)"? (12)

The magnitude of E within a range of 8-16 KJ/mol demonstrates that the sorption process is
done through an ion exchange interaction. The reaction mechanismcan be related to the magni-
tude of E. When E value is within the range of 8-16 kJ/mol, the sorption process is followed
by ion exchange, but when E<8.0 kJ/mol, physical forces are responsible for the process [25],

4. Conclusion

The magnetite-zeolite nano- composite was synthesized, characterized, and evaluated for
Ru removal from aqueous solutions. The nhano-composite represented a high cation exchange
capacity, high selectivity towards Ru, and rapid adsorption kinetics as compared to the zeolte
itself. The nano-composite displayed a 34.9% increase in adsorption capacity. The results of
the kinetic studies suggested that theinitial sorption rate and rate constant were greater when
using the nano-composite instead of the zeolite. The VSM results verified t he sufficient mag-
netic strengths of the nanocomposite to be attracted by a magnetic field. The Pseudo-Second
Order model gave a better correlation with the experimental kinetic data compared to the
pseudo-first-order model, confirming the dominant process of the chemical sorption. The val-
ues of the thermodynamic parameters demonstrated the endothermic and spontaneous na-
tures of the adsorption process.
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Abstract

Study of kinetics during hydrogenation of hydrocarbon fractions prepared by pyrolysis of waste
plastic is presented. Fractions were separated by distillation from oily/wax depolymerizates ob-
tained during pyrolysis of polyethylene and polypropylene from end-of-life vehicles at 450°C in
the batch reactor. The hydrogenation of liquid fractions in the boiling range of diesel was studied
as a way of upgrading before their addition into fossil diesel fuels. Optimized experimental condi-
tions of hydrogenation and optimized conditions for chromatographic separation are reported. The
success rate of hydrogenation based on the alkane/alkene ratio in the samples after hydrogenation
was evaluated by chromatography and by IR spectroscopy. Finally, the selected properties pre-
scribed in fuel standards before and after hydrogenation are compared.

Keywords: polyalkene recycling; hydrogenation; diesel fuel; kinetic study,; used cars.

1. Introduction

The global energy sector, as well as the economy, is still largely based on non-renewable
fossil fuels (oil, natural gas, coal). Growth in oil prices creates favourable conditions for re-
newable energy and recycling technologies. An increasingly important area of recycling tech-
nology is becoming waste plastics processing technology, which reflects the fact that the
amount of waste plastics produced (50% of annual plastic production: 150 million tonnes [*)
has only a smaller value than the annual production of medium-range petroleum distillates
(world-wide daily production [21),

Interesting is the situation in the automotive industry. In the EU countries, approximately
6 million cars per year become a feedstock for recycling due to the end of their live 31, The
weight of plastic in one carin 2010 amounted to 130 kg, and this number is steadily growing.
EU legislation, which came into forceon 1 January 2015, aims to increase the recyclability of
car parts after the end of life up to 95% of the weight of the vehicle. Polypropylene (17%)
and polyethylene (4%) make up the second largest proportion of different types of plastics
used in the automotive industry 41, It is generally known that polyalkenes are the most suit-
able raw materials for chemical conversion to automotive fuels or chemical feedstock [51,

Pyrolysis, thermal decomposition in the absence of oxygen and the absence of catalysts is
a known and technologically controlled process of chemical conversion of polyalkenes to motor
fuels 81, The disadvantage of pyrolysis is the dependence of the quality and amount of indi-
vidual pyrolysis fractions on the properties of polyalkenes, the type and amount of auxiliary
compounds present (e.g., fillers, stabilizers), pyrolysis reactor parameters and pyrolysis con-
ditions 71, The products of cracking of waste polyalkenes have an unsaturated character and,
depending on the additives used in the manufacture of plastics, may also contain sulphur or
nitrogen compounds 581,
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Hydro-refining belongs to the chemical refining processes which remove unwanted sub-
stances fromthe hydrocarbon fractions. The bonds contained in the unsaturated hydrocarbons
are saturated during hydrogenation using suitable catalysts in a hydrogen atmosphere. The unsatu-
rated hydrocarbons are changed to saturated, cyclopentanes are converted to isoalkanes, and
the aromatics are hydrogenated to cyclohexanes. The rings are gradually saturated and
opened in polycondensed aromatics. Oxygenates, sulphates and nitrogenous substances
change gradually through hydrogenation to hydrocarbons, water, sulphate, and ammonia. It
is easier to decompose the oxygen and the worst the nitrogen contained substances. The
course of the reactions strongly depends on the hydrogenation reaction conditions and the
type of used catalyst. The hydrogenation components of the catalysts are metals (Pt, Pd, Ni,
Co), their oxides and sulphides. Hydrogenation refinements of the light products are carried
out in the vapour phase, liquid or mixed phase. Working conditions may vary depending on
the raw material, catalyst, and quality requirements.

Diesel fuels are produced fromcrude oil fractions, which do not contain unsaturated hydro-
carbons. In the case of addition of liquids prepared by pyrolysis of plastics to the diesel frac-
tion, unsaturated hydrocarbons formed during thermal decomposition will decrease the cetane
number and worsen colour and oxidation stability of the fuel mixture. For this reason, we have
studied the kinetics of hydrogenation of unsaturated hydrocarbons present in products after
pyrolysis of waste polyalkenes. The results of hydrogenation should be the better colour sta-
bility of liquid motor fuel, smell, and better combustion properties.

2. Experimental
2.1. Feedstock

Waste polyethylene (PE) and polypropylene (PP) derived from used cars were used for
feedstock recycling by pyrolysis in a batch reactorat 450°C. Obtained oil/wax liquid products
were separatedinto fractions by laboratory distillation apparatus. The liquid depolymerizates
were first fractionated under atmospheric pressure up to 180°C. Distillation of the residue
continued under reduced pressure (1.9 kPa) up to the distillation temperature of 190°C, what
corresponds to the temperature of 330°C after calculation to the atmospheric pressure. Pre-
pared distillation fractions with the boiling range of 180 to 330°C correspond to the diesel fuel
range, and they were used for subsequent hydrogenation reactions. The detailed description
of the laboratory reactor is given in study 51,

2.2. Hydrogenation

The hydrogenation was carried out in a batch, mechanically stirred (magnetic transfer, stirrer)
pressure reactor. Reactor with volume approx. 100 mL was electrically heated in the shell,
and they had a bottomoutlet valve with a built-in sampling filter. A powdered hydrogenation
catalyst of 3.5% palladium on charcoal was used, which was activated at 300°C for 3 hours
before the reaction. Optimized conditions of hydrogenation for individual samples are shown
in Tab. 1.

Table 1. Optimized hydrogenation conditions

Parameter / sample PE PP
Sample weight, g 55 and 34 50 and 39
Catalyst weight, g 3and 2 6, 6.6 and 5
Reaction temperature, °C 110 - 120

Reactor pressure, MPa 1.77 - 2.16

Reaction time, h 5and 6 13 and 14.5
Stirrer speed, rpm 600 - 1100

2.3. Gas chromatography

For the analysis of the liquid samples, the Agilent Technologies 7890A GC gas chromato-
graph with FID detectorand HP-5 capillary column (30 m x 0.32 mm, 0.25 pm) was used. A
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linear temperature programfrom 30°C with a ramp of 5°C/min to 200°C and a ramp of 8°C/min
to 330°C was applied. Amount of sample represented 0.2 pyL, and it was injected into the
split/splitless inlet heated to 350°C. For selected samples, components were identified by
mass spectrometry (MS, Agilent Technologies, MS 5975C).

2.4. FTIR spectroscopy

Infrared spectra were obtained using a Genesis FTIR spectrometer (Mattson-Unicam) in the
400-4000 cm'* wavelength range (64 scans, 4 cm!). Liquid samples were measured in a KBr
cell of 0.1 mm thickness and thoroughly washed with anhydrous solvents before measurements.

3. Results and discussion
3.1. Kinetics of hydrogenation

The change in composition and the decrease in the double bond content of the PE and PP
samples during hydrogenation was monitored by gas chromatography (GC) using optimized con-
ditions for a good separation of componentsin liquids. During the hydrogenation, small amounts
of sample were taken at regular intervals for GC analysis. For PE liquids, samples were ana-
lysedat 1, 2, 3, 4 and 5 hours afterthe start of the reaction, and the resulting product after
approx. 5.33 hours of hydrogenation (PEH). It was more difficult to hydrogenate the liquid
from PP pyrolysis under the given conditions. For the analysis of the decrease of the double
bonds, sampling was used for longer periods of time: after 2, 4, 6, 8 and 9.25 hours from the
start of the hydrogenation and the resulting hydrogenate after 14 hours of reaction (PPH).

The peaks of the unsaturated compounds and their saturated counterparts were selected
from the first part (so-called light hydrocarbons) and from the last part (so-called heavier
portions) of the chromatogram which have the same number of carbon atoms. These com-
pounds were identified with great certainty based on MS spectrometry and based on available
chromatographic data for a similar mixture of compounds from pyrolysis °1. The peaks of the
compounds with the highest weight, meeting the above conditions were also observed and
identified. The identified compounds and their retentiontimes are listed in the Tab. 2 and Tab. 3.

Table 2. Identified compounds for monitoring kinetics of PE products hydrogenation

Label Retentio.n time Compound Molecular Mole Weig_glht /g
/min formula mol

PE1 7.30 - 7.32 1-decene C10H20 140.27
Light PE2 7.53 - 7.55 decane C10H22 142.28
fraction i 7ol 2-decene C10H20 140.27

PES 21.18 - 21.19 1-pentadecene C15H30 210.24
Main PE6 21.39 - 21.42 pentadecane C15H32 212.25
fraction PE7 21.49 - 21.52

PES 21.73 - 21.76 2-pentadecene C15H30 210.24

PES 35.75 - 35.77 1- docosene C22H44 308.34
Heavy PE10 35.85 - 35.86 docosan C22H46 310.36

fraction PE11 35.91 - 35.94

PE12  36.13 - 36.15 2- docosene C22H44 308.34

The variations in the peak area of the test compounds during hydrogenation are shown in
Fig. 1. Alkene peak areas are clearly declining with the time of hydrogenation, on the contrary,
the areas of the peaks of the counterpart alkanes in the case of PE are growing. From the
signal intensities for the different chromatogram areas, it can be seen that the peak of the
compounds at the beginning and at the end of the chromatogram are significantly smaller
than the peak intensities of the compounds with the largest proportion. Also, from the simi-
larity of peaks at the beginning and end of the chromatogram, a certain symmetry of the
distribution and the peak heights of the compounds results. This is obvious in the case of a PE
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sample where the intensity of the main alkanes/alkene peak drops predictably with a decreas-
ing number of carbons from the most intense alkane (C15) and the increasing number of
carbon from the most intense alkane (C15). The more complex is the chromatogram for the
PP sample, which can also be seenin Fig. 1 for the heavy fraction of PP. This is caused by a
larger number of formed mainly branched alkanes and alkenes.

Table 3. Identified compounds for monitoring kinetics of PP products hydrogenation

Label Retentio_n time Compound Molecular Mole we_i?ht/g
/min formula mol
Light PP1 12.70 - 12.72 2,4,6-trimethyl-1- nonene
ftr.?,ﬁ PP2  12.81 - 12.83 2,4,6-trimethyl-1- nonene ~ 12H24 168.32
PP3 18.99 - 19.03 2,4,6,8-tetramethyl-1- un-
Main decene
frac-  PP4  19.20 - 19.23 2,4,6,8-tetramethyl-1- un- 45439 210.40
tion decene
PP5S 19.44 — 19.46 2,4,6,8-tetramethyl-1- un-
decene
Heavy PP6 29.08 - 29.11 2,4,6,8,10,12-hexamethyl-
f 1- pentadecene C21H42 294.56
’EI?)(IE] PP7  29.67 - 29.71 C21- olefine :
PP8 30.33 - 30.38 C21- olefine
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Figure 1. Intensities of selected peaks with increasing hydrogenation time for PE liquid hydrogenation
(below) and PP samples (top)

The kinetics of hydrogenation of the PE sample was processed using the time-dependent

conversion of a number of alkenes with a given number of carbon to the corresponding alkane
(Xaikene). We calculated the Xaene Values based on the sum of the peak areas of the selected
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alkenes with the same number of carbons (in particularfor C10, C15, C22) to the peak area
of the corresponding alkane. In the case of PE, they are all linear hydrocarbons. Another
characteristic for hydrogenation kinetics, even in the case of a PP sample, was the time de-
pendence of alkenes with a given number of carbons expressed as a percentage by weight
(w). We obtained w values by the sum of the area of the selected alkenes with the same
number of carbon atoms (C10, C15, C22 for PE and C12, C15, C21 for PP) to the total area of
all peaks of the sample.

The rapid drop in double bonds during PE hydrogenation correlates with a decrease in the
ratio of alkenes to alkane Xakene. Alkene predominates before hydrogenation; for C15, about
56 % is alkene; for C10 the ratio is equal. At the end of the hydrogenation, the alkene content
of the C10, C15 and C22 carbons is less than 10 %. A similarly strong decrease is also ob-
served with the percentage of alkenes (w) C10, C12, and C22. These experimental depend-
encies except w (C22) can be reliably described by exponential trends with a correlation co-
efficient greaterthan 0.96. This indicates the overall behaviour of the kinetics of C10 and C12
alkenes hydrogenation occurs according to the first order. Hydrogenation of longer C22 chains
shows different kinetics, a slight increase in hydrogenation rate can be seen on the w (C22)
curve, after 6 hours there is a break and a more severe decreasein the double bond content.
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Figure 2. Kinetics of hydrogenation of the PE sample based on Xalkene and w
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genation of the PE sample is significantly slower. While the average humber of selected dou-
ble bonds of PP samples drops after 6 hours of hydrogenation by 42 %, in the case of PE
samples, this drop by 49 % in only 3 hours of hydrogenation.

3.2. Overall assessment of hydrogenation

The success of hydrogenation can be evaluated based on a change in the total alkene/al-
kane ratio for selected PE compounds and by the decrease in weight fraction of selected al-
kenes before and after hydrogenation (both samples PE and PP). If we calculate the Xaiene
value (Figure 2, above) for all selected compounds of the PE sample, we arrive at the total
ratio of the selected alkene / selected alkanes. This ratio represents 1.46 for the original, non-
hydrogenated sample PE, i.e., about 50 % more is alkenes per the corresponding alkane. At
the end of the hydrogenation, this ratio drops to 0.11, meaning that the alkanes already
prevailed. A similar decreaseis observed in the total weight ratio of double bonds (w, analo-
gously to Fig. 2), where before hydrogenationiit is 7.2 % and after completion of hydrogena-
tion 1.2 %. Thus, a 90% reduction in the weight fraction of the selected alkenes at the end of
the hydrogenation is observed. A similar trend is shown by hydrogenation of the PP sample,
where the weight fraction of the selected alkenes before hydrogenationis 33.1 % and at the
end of the hydrogenation is 5.2 %, representing an 84 % decrease in selected double bonds.

The degree of hydrogenation of both PE and PP samples was also controlled by IR spectra.
As a standard to verify the effect of the presence of double bond on the FTIR spectra, 1-
tridecene was used, the spectra of which were compared to the alkane n-tridecane. Fig. 4
clearly shows the bands that occurin the FTIR spectra when one double bond is introduced at
the 1-position into the n-alkane. For both the alkane and the alkene spectra, common inten-
sive bands at 2800-3000 cm* and 1450 cm'!, which correspond to common vibrations in the
saturated hydrocarbon moieties, and the absorbance at 720 cm™ corresponds to an n-alkane
chain having a carbon number of 5 or more. Relatively intense absorbance at 3077 cm, 1640
cm?, 991 cmt and 909 cm? in the 1-tridecene spectrumcorrespondto vibrations associated
with R-CH = CH. groups. Also, in the 1-tridecene spectrum, the lower absorbance at 1820,
634 and 552 cm* are also present.

In the PE sample, in particular, 1-alkenes in a ratio of about 1:1 with linear alkanes, the
FTIR spectra should be close to the 1-tridecene spectrum. In Fig. 4 for the PE sample the
intensive absorbance at 3077 cm?, 1641 cmt, 991 cm' and 909 cmt are found to correspond
to the double bond in the 1-tridecene. Also less intensive bands at 1821 cm™, 634 cm™ and
552 cm! copy the 1-tridecene spectrum. In the FTIR spectra of the hydrogenated PEH sample
(Fig. 4), the majority of the strips, corresponding to the presence of the double bond, are
reduced to complete extinction. The ratio of integral areas of PEH sample to PE samples for
the double bond bands results in 85% conversion of the double bonds. This result is in good
agreement with the 90 % conversion of alkenes to alkanes obtained by gas chromatography.

The FTIR spectrumof the PP sample is something more complex than in the previous case,
because branched hydrocarbon chains result in more complex spectra, especially in the 700-
1,500 cm! range. Since we did not have a standard for branched alkenes, we compared the
spectra with baseline absorbance at 3077 cm™ and 1649 cmt. Other absorbance correspond-
ing to double bonds are significantly covered by the absorbance of branched hydrocarbon
structures, especially in the range of 700-1200 cm?, and are also slightly shifted. Absorbance
at 3077 cm! decreased significantly, but a slight indication of its presence is still visible on
the 2800-3000 cm'! strong shoulder. Absorbance at 1649 cm also dropped significantly after
hydrogenation.

Similarly, the absorbance at 1821 cm™ and 560 cm* decreased. By comparing the integral
areas for the double bond strips, we proceed to 75 % conversion of the double bonds of the
PP sample at the end of the hydrogenation. This result also correlates with the result of chro-
matographic conversion (84 %), but for the above-mentioned reasons of branched hydrocar-
bon formation, these results are expected to have greater differences.
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Figure 4. Comparison of samples before and after hydrogenation by IR-spectroscopy

In Tab. 4, the specified values of some of the prescribed performance characteristics of the
samples before and after the hydrogenation are also given by the prescribed value. It is evi-
dent that, in addition to the density and sulfur content of the samples, they meet the standard
values for diesel fuels. Samples have lower density values than the lower density limit specified
in the standard. This is due to the minimum content of aromatics in these fractions and the
high content of linear or branched alkanes and alkenes depending on the type of plastic. Lower
density is typical for diesel fuels of alkanic character, and higher density is typical for more
cyclical fuels, possibly fuels containing a higher proportion of aromatics. Lower density is pos-
itive for emission reductions, and polyalkenes hydrocarbon fractions could be a good ingredi-
ent in engine feeds. The sulfur content exceeds the standard value several times and does not
change by hydrogenation. It has been shown that the catalyst used, and the reaction condi-
tions used to saturate the unsaturated hydrocarbon bonds but did not cleave the molecules
forthe release of the sulfur compounds. It is important to highlight the good low -temperature
properties of the hydrogenates, especially the PPH samples. Such a low limitation of filterabil-
ity (-21°C) is achieved in the diesel fuel only after the addition of the depressant.

Table 4. Comparison of some selected sample properties before and after hydrogenation with normal-
ized values for diesel fuels

Sample PE PEH PP PPH Standard Standard
values

Density (15 °C), kg.m™3 801 790 794 790 820 - 845 EN ISO 3675
Kinem. viscosity (40°C), 2.27 2.35 2.76 2.89 2.00 -4.50 EN ISO 3104
mm?Z.s71

Water content, mg.kg™! 52 34 42 24 max. 200 EN ISO 12937
Sulfur content, mg.kg! 100 130 147 129 max. 10.0 EN ISO 20884
Pour point, °C - 2-0 - *1 - STN EN 23015
Cold filter plugging point, °C - -2 - -21 0*2 EN 116

*1— sample without mist, viscous, less transparent at -24 °C
*2 — standardized value for moderate climate, diesel Type B
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4. Conclusion

PE and PP samples, and in particular PEH and PPH hydrogenates, are the diesel fuel ana-
logues, so they should meet the prescribed engine fuel standard. Prospectively, the plastic
recycling unit alone cannot prepare commercial automotive fuels for direct use. However, the
aim is to prepare hydrocarbon fractions suitable for further processing in the refinery by using
existing fuel production technologies by adding these fractions to refinery streams. Our results
show that IR spectroscopy is a quick and reliable method for monitoring the degree of satu-
ration for unsaturated bonds in hydrocarbon liquids from waste polyalkene recycling and this
method gave good correlation with results obtained by gas chromatography.
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Abstract

In this research, magnetic-zeolite nano- and micro-composite adsorbents, including nano- and
micro-sized zeolite clinoptilolite and iron oxide were synthesized. Natural clinoptilolite tuff was
pre-treated and converted into micro- and nano-particles by using a mechanical method. Then,
preparation of iron oxide nano-crystals in the presence of nano- and micro-zeolite was followed.
The samples were applied to characterize the adsorbents by X-Ray Diffraction, X-Ray Fluo-
rescence, Fourier-Transform Infra-Red spectroscopy, Derivative Thermo-Gravimetry, Scanning
Electron Microscopy, Transmission Electron Microscopy, and Vibrating Sample Magnetometry, The
nano- and micro-composites were evaluated for Zirconium (Zr) removal from aqueous solutions.
The effects of the analytical variables, including pH, initial ion concentration, contact time, and
temperature were investigated. The process followed a Pseudo-Second Order (PSO) kinetic model
with k2 values of 1.596 and 1.396 meq-! h'! for Magnetic Zeolite Nano-Composite (MZNC) and
Magnetic Zeolite Composite (MZC), respectively. The saturation magnetization of the nano-com-
posite was measured as 19.50 emu g-! by which the magnetic separations of the samples were
facilitated after the adsorption process. The thermodynamic values of AG° and AH’ represented
the endothermic and spontaneous natures of Zr removal.

Keywords: Micro-composite; Nano-composite; Thermodynamic; Kinetic; Isotherm.

1. Introduction

Zirconium s one of the rare elements widely used in advanced modern technology. During
the past decades, the unique chemical and physical properties of zirconium have led to the
widespread use of this element in metallurgy, surgical appliances and the manufacturing of
photoflash bulbs. Aside fromits ability forindustrial applications, Zris mostly produced today
to be applied to water-cooled nuclear reactors. However, fast industrialization to satisfy the
population needs by using heavy metals has led to ecosystem contamination. Treatment of
heavy metals is of special concern due to their recalcitrance and persistence in the environ-
ment [*-21, Zirconiumis a heavy metal with a great risk potential to humans and other organ-
isms in the environment as it has a long half-life. Ion exchange process is one of the most
effective approaches to the treatment of heavy metals [3-61, Among various ion exchangers,
zeolites have received considerable attention for removing contaminants due to their high
exchange capacities, low costs, and worldwide abundance [¢-1°], Considering their large-scale
utilizations, natural zeolites seemto be more ascendant than their synthetic counterparts due
to their low costs, abundance, and less chemical pollutions caused during their production 1,
Compared to the micro-sized zeolites, nano-crystalline zeolites have greater ion-exchange
abilities, quicker exchange kinetics, larger surface areas, and more adjustable porosities. Yet,
despite these advantages, separating them from the medium is a major challenge. This can
be coped with by the use of magnetic separation method. By applying micro- or nano-magnetic
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composites, this new technique opens a simpler, faster, and more accurate way to the removal
of elements.

Liu et al. synthesized magnetic zeolite NaA to remove Cu?* and Pb?* [*2], Sharma. et al.
reported the sorption behavior of nanocrystalline mordenite for Th** and Eu*3 [*31 E,
Chmielewska et al. investigated nano-FeO (OH) modified clinoptilolite tuff for antimony re-
moval 141, Faghihian et.al. Synthesized a novel PAN-zeolite nano composite for removal of
Cs* and Sr?* from equeous solutions 51, In this work, magnetic nano- and micro-composites
were synthesized and characterized for studying their efficiencies of Zr removal from aqueous
solutions. Meanwhile, the effects of varied parameters, such as pH, initial ion concentration,
contact time, and temperature were evaluated and optimized. Moreover, for the experimental
data assessment, different kinetic and isothermmodels were employed.

2. Experimental procedure
2.1. Reagents and methods

All the chemical reagents used in this study were of analytical reagent grade [AR Grade].
FeClz.6H.0 (Aldrich 98%), FeCl,.4H,O (Aldrich 99%), and ammonium hydroxide (Aldrich 28-
30% of ammonia) were applied for magnetic particle preparation and Zr was supplied as
zirconium chloride by Merck. The natural clinoptilolite tuff belonged to Semnan region in the
north-east of Iran. Identifications of the structural phases of nano- and micro-composites were
done by using a Bruker D8 ADVANCE X-ray diffractometer. The chemical compositions of the
samples were determined through PANalytical Magix XRF spectrometry. An IR Prestige-21
Model spectrophotometer (Shimadzu, Japan) was utilized to obtain FT-IR spectra. Therno-
Gravimetric Analysis (TGA) of the samples was performed using a METTLER TG-50 Thermal
Analyzer with a heating rate of 10°C min™*. To characterize MZNC and MZC magnetic proper-
ties, a vibrating sample magnetometer (Meghnatis Daghigh Kavir Company, Iran) was used.
A Philips EM-208S transmission electron microscope was utilized to take therelevant images.
Also, ICP-AES technique (Integra XL by GBC Australia) was employed to specify Zr concen-
tration.

2.2. Pre-treatment of clinoptilolite

Natural clinoptilolite tuff was converted into micronsized particles by crushing and pulver-
izing in an agate mortarand sieving using analytical sieves for separating the particle sizes of
200-400 pm. The nanoparticle powders from clinoptilolite were obtained by mechanical ball-
mill method (600 rpm, 6 h) of micro-clinoptilolite powder. To remove water-soluble and mag-
netic impurities, the obtained powders were heated at 70°C in distilled water on a magnetic
stirrer for 8 h. To reach a fixed water content, the powders were stored in a desiccatorovera
saturated sodiumchloride solution for 2 weeks after centrifuging and drying them.

2.3. Synthesis of magnetic zeolite nano and micro composite

MZNC and MZC were prepared through the precipitation of Fe (III) and Fe (II) in the pres-
ence of nano- and micro-sized zeolite powders. An aqueous ammonia solution (1 M) was
placed in a round-bottom flask and the known amounts of nano- or micro-zeolite powders
were added to the ammonia solution. The mixture was homogenized by vigorous mechanical
stirring and deoxygenated by bubbling of N> gas for 30 min. The solutions of ferric chloride (1 M
in water) and ferrous chloride (2 M in HCI 2 M) with a volume ratio of 4:1 were prepared and
mixed together. The Fe(III)/Fe(II) solution was added dropwise to the nano- or micro-zeo-
lite/ammonia mixture while stirring the mixture vigorously under N, atmosphere. Separations
of the prepared composites were done by using a permanent magnet. Finally, the products
were washed four times with deionized-deoxygenated water and then dried at 50°C for 5 h.

2.4. Adsorption experiments

Zr solutions were prepared by dissolving 2.6067 g of zirconium tetrachloride (ZrCl4) in 1000 mL
of distilled water. The initial pH value of 2 underwent an adjustment by adding HCl and NaOH.
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The adsorption experiments were performed by agitating 0.05 g of the composites with 10
ml of Zr solution in a thermostat rotary shaker. After each adsorption experiment, the mag-
netic composites were easily segregated by using a permanent magnet. ICP-AES technique
(GBC Integra XL) was utilized to measure Zr after taking a portion of the supernatant solution.
The adsorbed Zramount was calculated with regard to the concentration differences prior and
subsequent to the adsorption.

q=(Ci_Cf)*V/m) (1)
The distribution coefficient (Ky4) was calculated as follows:

where: g is the amount of metal ions adsorbed per unit mass of the adsorbent (meq g'); G
and C¢ are the initial and final concentrations (meq L), respectively; m is the adsorbent
amount used (g); and V is the volume of Zr solution (L). The effects of the different parame-
ters, including initial Zr concentration, pH of the solution, contact time, and temperature were
determined by changing one parameter at a time and keeping the others constant.

3. Results and discussion
3.1. Characterization of M ZNC

The XRD patterns of raw nano- clinoptilolite (NCP) and magnetite zeolite nano-composite
(MZNC) are shownin Figure 1. The characteristic lines at 26 values of 10.1°, 11.4, 17.3, 23,
26, 28.2, 30.2, 32, 35, 37 and 39 in the pattern (a) can be indexed to clinoptilolite crystalline
structure data [*®], This confirms that the sample used in this work has a typical clinoptilolte
phase as the microporous component. The diffraction line of iron oxide was observed at 20
values of 35.9, 42 and 73 in the XRD pattern of MZNC sample (b) indicates formation of iron
oxide in the zeolite structure [*71, The relative line intensity and line position related to zeolite
clinoptilolite remained unchanged, representing that the crystal structure of zeolite had been
stable during the composite preparation. Through Scherrer’s equation 181, the magnetite par-
ticle size of the composite was found to be 22.4 nm.
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Fig 1. XRD patterns of the nano zeolite (matched with a reference pattern of clinoptilolite) (a), and MZNC (b)

The chemical compositions of zeolite and MZNC (Table 1) were obtained through XRF anal-
ysis. The composite consisted of 19.86 wt.% Fe»0s. The Si/Al ratio of the present zeolite
sample was 4.85, which was consistent with the previous findings placing the ratio within a
range of 4-5.5 [*°]1 The Theoretical Cation Exchange Capacity (TCEC) was estimated by the
sum of the exchangeable ions, including Na*, K*, Ca%*, and Mg?* in the zeolite. The difference
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between TCEC and Cation Exchange Capacity (CEC) (Table 1) was due to the fact that some
counter-ion sitesin the zeolite particles were unavailable for cation exchange.

Table 1. Chemical compositions of zeolite and MZNC obtained through XRF analysis

SiO2 Al203 Naz20 TiO2 K20 CaOo MgO
CLI 67.41 11.82 2.66 0.10 2.44 1.31 0.71
MZNC 53.21 9.28 1.92 1.096 1.48 1.25 0.71
SrO Fe203 LOI® Total Si/Al TCECC CECC
CLI 0.13 1.32 11.46 99.54 4.85 1.736 1.561
MZNC n.d.? 19.86 12.01 99.81 4.87 1.335 1.218

CLI-clinoptilolite; ¢ Loss on ignition; ° Not detected; ¢ (meq g-*)

The FT-IR spectra of the zeolite and composite were recorded over a range of 400-4000
cm! (Fig. 2). Water absorption bands at 1638 cm-! within the range of 3000-3600 cm-! con-
firmed significant hydrations of the zeolites. The band at 1070 cm-! was assigned to the asym-
metric stretching vibration modes of the internal T-O bonds in TOstetrahedra (T=Siand Al).
The bands at 609 and 465 cm! arose from the stretching vibration modes of O-T-O groups
and the bending vibration modes of T-0 bonds, respectively 291, Forthe zeolites, the regions
corresponding to (Si-O and Al-0) and (O-Si-O and O-Al-0) demonstrated strong bands,
indicating an increase in the surface areas and aluminosilicate bonds of the zeolites. The char-
acteristic band related to Fe-O-Fe bond of iron oxide must have appeared at 584 cm* [17],
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Figure 2. FTIR spectra of clinoptilolite and MZNC Figure 3a. DTG curves of nano clinoptilolite and MzC

In the DTG curves of the nano-zeolite clinop-
tilolite and MZNC, two weight-loss peaks occur-
ring between 50°Cand 120°Cwere assigned to the
loss of the adsorbed water Fig 3 (a and b). After
280°C, the adsorbents exhibited no dehydration
peaks up to 800°C, which means that the samples
were thermally stable.
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Figure 3 (b). DTG curves of nano clinoptilo-
lite and MZNC
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The difference between the amorphous surface structures of the natural zeolite sample and
nano-zeolite clinoptilolite with a uniform surface was apparent according to SEM images Fig 4 (a
and b). Due to the lack of uniformity and wide range of particle dimensions, determination of
the particle size distribution could not be accurately performed for micro-sized clinoptilolite,
according to (Fig 4a), but for nano-sized particles depicted in Fig 4b. Also, TEM images showed
iron oxide particles to have been nano-sized and bound to the aluminosilicate framework of
nano-zeolite (Fig 4c).
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Figure 4 (a, b). SEM images of zeolite clinoptilolite (a) and nano clinoptilolite (b).

Figure 4 (c). The MZNC TEM images
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Figure 5. The hysteresis loops of MZNC

This new composite's feature was its magnetic
property, which means that it was characterized by a
sanmple of the vibrating magnetometer in this study Fig. 5.
The magnetic curve illustrated no hysteresis loop and
remanence, which indicate the good super-paramag-
netic properties of MZNC. The zero amount of rema-
nence certified that the composite had not retained
magnetization after being exposed to an external
magnetic field and they could be thus re-dispersed af-
ter removing the magnetic field. Nanocomposite ex-
hibited the saturation magnetizations of approxi-
mately 19.50 emu g! at 298K. This value verified the
adequate magnetic properties of MZNC to be appealed
by a permanent magnet.
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3.2. Optimization of conditions
3.2.1. Effect of pH

The effect of pH on Zr removal by the natural zeolite, MZC, and MZNC at pH<3.5 for
[Zr]=1.5-10 mmol L is shown in Fig. 6. The results revealed an increase in the adsorption
capacity with pH enhancement due to the nature of the absorption process. At a constant
concentration of 0.01 mol L™* for Zr solution, maximum adsorption capacity was observed at
pH=2. Higher pH values were not examined due to Zr precipitation at pH>3.5. In the adsormp-
tion process using zeolite clinoptilolite, the intense competition between H30* and Zr ions for
the exchange sites led to the reduced absorption of H3O* ions because of their small sizes,
high ionic mobilities, and consequently high penetration powers, especially at an acidic pH. A
decrease and increase in the competition and absorption capacity were expected with the
declined concentration of H;O*. The increasing process of the absorption capacity continued
until pH=2 was reached. In the next step, a steady rate of absorption was achieved after
eliminating the competition of hydronium ions.

3.2.2. Effect of contact time

The contact time effects of clinoptilolite, MZC, and MZNC on Zr adsorption were studied at
a concentration of 0.01 mol L* of Zr solution at 25°C. The results are shown in Fig 7. In all
the absorbents, the equilibration was attained after 24 h. From the slopes of the curves, t
was concluded that the adsorption rate had been fast at the beginning and become slow with
the reaction progress. The absorption rate induced by MZNC was so rapid that more than 80%
of the maximum absorption capacity for Zr was obtained during the first 3 hours. Ion exchange
reaction with this adsorbent was achieved after 24 h and the sorption capacity was fixed.
Therefore, this time was selected as the optimal contacttime for the nano-composite. These
results indicated that the absorption rate triggered by the nano-composite was faster than
those induced by the micro-composite and clinoptilolite. This high absorption rate could be
attributed to the nanometer dimensions of zeolite particles.
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Figure 6. Effect of pH on sorption of Zr Figure 7. Effect of contact time on adsorption of

Zr onto clinoptilolite, MZC and MZNC
3.3. Adsorption kinetics and thermodynamics

The kinetics of adsorption was evaluated by applying four different models including the
pseudo-first-order equation, the pseudo-second-order equation, Elovich equation, and intra-
particle diffusion model. These models were tested to fit experimental data obtained by batch
experiments.

The pseudo-first-order equation is generally expressed as follows:

In (ge— qv) =In ge — kit (3)
where ge and g: are the ions adsorbed amount per unit mass of the adsorbent at equilibrium
and at any time t, respectively and k1 is the rate constant of pseudo-first-order sorption (min-1).
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The values of k1 and ge were regulated from the slope and the intercept of plotting of log
(ge - qv) vs. t. Theresults are listed in Table. 2. Although no extremely low values were obtained
for R2, the calculated g was not consistent with that of experimental data. Hence, the ad-
sorption process did not follow a pseudo-first-order model. The linear form of the pseudo-
second-order kinetic model is written as follow:

t/qe = 1/(kaqe®) + (1/Qe)t (4)
The initial sorption rate can be calculated by the following formula:
h = k2 qe2 (5)

where k2 is the rate constant of pseudo-second-order kinetic sorption (g/mg/min). The calcu-
lated values of k2, ge, and h values and the correlation coefficients (R2) are listed in table 2.
The comparison of k2 values indicated fasterion adsorption onto MZNC is faster than on cli-
noptilolite.

Table 2. Kinetic parameters of pseudo-first-order and pseudo-second-order kinetic models

sorbents Qe (exp.) pseudo-first-order model pseudo-second-order model
(x101)
WY rapeey TeEp ks Qe (x107)  h(x107) o,
(h™) (meqg) (meg®h™) (meqg™) (meqg™h’)
Clinoptilolite 6.80 1.644 2.675 0.9575 1.072 7.032 5.3036 0.9990
MzC 6.20 1.285 1.337 0.9647 1.396 6.215 5.393 0.9978
MZNC 8.90 1.863 4.212 0.8648 1.596 9.027 13.005 0.9997

The intra-particle diffusion effect on the total rate of ion exchange was demonstrated by
the association of the adsorbed ion amount and the square root of time. The equation of intra-
particle diffusion modelis exhibited as follows:

q: zkdifft1/2+c (6)

where Kgirr is the rate constant of intra-particle diffusion (mg/g/min) and C stands for the
intercept. As evidenced by the results, intra-particle diffusion cannot provide a rate-determin-
ing step in the sorption process (Table 3). Elovich equation is given as follows:

q. = In(ap)/B+ 1/pInt (7)

where q: is the sorption capacity at time t; a is the initial sorption rate of Elovich equation
(mg/g/min); and parameterb is related to the extent of surface coverage and activation en-
ergy for chemisorptions (g/mg). The constants calculated fromthe slope and the intercept of plot
of grvs. Intarelistedin Table 3. The comparison of the calculated ge and correlation coefficients
for the kinetic models revealed that PSO equation best matched with the experimental data.
These results demonstrated that the overall sorption rate had been controlled by the chemical
sorption process [21],

Table 3. Kinetic parameters of Elovich and intra-particle diffusion models

Elovich model Intra-particle diffusion model
=1
Sorbents (zng:(lqog’z B (meq R2 Kairr (x10°2) C (x1072) R2
h-1) ") (megg™h™?)  (meqg™)
Clinoptilolite  38.904 10.8565 0.9014 6.663 26.82 0.6481
MzC 32.633 11.737 0.8793 6.093 24.33 0.6446
MZNC 14.928 62.037 0.6347 7.436 44.89 0.4914

Pet Coal (2018); 60(6): 1120-1131
ISSN 1337-7027 an open access journal

1126



Petroleum and Coal

3.3.1. Sorption thermodynamics

The effect of sorption temperature on Ru removal was investigated at five different tem-
peratures. The adsorption capacity enhanced with increasing temperature (Fig. 8). The ther-
modynamic parameters, including enthalpy change (AH®) and entropy change (AG®), canbe
obtained using the Van't Hoff equation.

In Ks = — (AH’/RT) + (AS°/R) (5)

A plot of Inkd vs. 1/T is shown in Fig. 9. The free energy change of the adsorption (AG®)
is calculated as follows:

AG’ = AH’ — TAS® (6)

The calculated thermodynamic parameters are summarized in Table 4. Since AH® values
are positive, the adsorption process is endothermic in nature.

Table 4. Thermodynamic parameters of Zr adsorption

Sorbent AG° (kJ mol'l) AS° (kJ mol'tK1) AH® (k] moll)
Clinoptilolite -7.21 34.51 3.07
MzC -6.98 34.87 3.41
MZNC -8.001 37.10 3.05

The positive values of AS°® suggested that the randomness at the solid/solution interface
had increased during the sorption process. The negative values of AG’ indicated that Zr ad-
sorption reaction was spontaneous. The decrease in AG® values with increasing temperature
showed that the spontaneous nature of sorption was directly proportional to temperature.
Therefore, the adsorption process was favored when temperature was augmented. The greater
absolute values of AG’ for MZNC compared to MZC and clinoptilolite revealed that the adsomp-
tion of the former on Zr had been more favored.
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Figure 8. Effect of temperature on Zr adsorption Figure 9. Van't Hoff plot for adsorption of Zr onto
onto clinoptilolite, MZC and MZNC clinoptilolite, MZC and MZNC

3.4. Sorption isotherm

To investigate the effect of initial concentration, various concentrations of Zr solution were
equilibrated with constant amounts of the adsorbents (Fig 10). The initial fast adsorption was
followed by a slow approach to equilibrium at a higher concentration. Three isotherm models,
including Langmuir, Freundlich, and Dubinin—-Radushkviech (D-R) models were employed to
examine the experimental data.

3.4.1. Langmuir isotherm model

Langmuir isotherm assumes that the sorption occurs at specific homogeneous sites within
the adsorbent. This modelis expressed by:
Ce/ge = 1/(Qob) + Ce/Qo (11)
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where Q, denotes the saturation adsorption capacity (mg/g) and b represents the Langmuir
constant related to the free energy of adsorption calculated fromthe slope and intercept (Table
5). The plot of Ce/ge vs. Ce is shown in Fig. 11. The important parameter of Langmuirisothemm
is the dimensionless constant, R, which can be calculated as follows:

R,=1/(1+hC,) (12)

where Co stands for the highest initial metal ion concentration (mg/L). The values of this
parameterindicate the unfavorable (R.>1), linear (R.=1), favorable (0<R.<1), and irreversi-
ble (R.=0) types of the adsorption isotherm [22],

The obtained data confirmed that Zr adsorption was favorable. The maximum adsorption
capacity of MZNC for Zr removal was compared with those of the other adsorbents reported
in the literature (Table 6). MZNC was seen to depict a high adsorption capacity for this ion.
On the other hand, the magnetic composites could be easily separated from the solutions
using a permanent magnet.
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3.4.2. Freundlich isotherm model

Freundlich isothermmodel makes the assumption that multi-layer sorption occurs at a het-
erogeneous surface. This model was used to estimate the intensity of the adsorption process
and relative sorption capacity. A linear form of the Freundlich equation is shown as follows:

log ge = log ks + 1/n log Ce (13)

where Kr denotes the Freundlich constant relevant to the adsorbent capacity and n displays
the constant related to the intensity of the adsorption process. The Freundlich isotherm is
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shown in Fig 12 and their constants are represented in Table 5. The Freundlich constant (n)
was greater than its unity, indicating that an increasing tendency of the adsorption process
had occurred with the elevation of ion concentration. Kr value of MZNC was higher compared
to those of MZC and clinoptilolite, corroborating a greater adsorption tendency of the adsor-
bents towards MZNC.

Table 5. Adsorption isotherm parameters for Zr adsorption

Model parameters
Isotherm Sorbents

Qo (mg g'1) bx103 (L mg1) RLx103 R2
Langmuir Clinoptilolite 195.31 11.56 18.6 0.9972
MzC 188.67 8.096 26.0 0.9964
MZNC 270.27 8.375 25.0 0.9968
Model parameters
n Kf (mg g1) R2
Freundlich Clinoptilolite 2.18 630.23 0.9268
MzC 2.09 497.0 0.9717
MZNC 2.189 808.7 0.9274
Model parameters
-9 2 =
B (x10 2))(”"0' kI gm (mmol g1)  E (kJ moll) R2
D-R Clinoptilolite 6.00 1.003 9.32 0.9771
MzC 6.00 1.001 8.97 0.9717
MZNC 6.00 1.012 9.506 0.9628

3.4.3. Dubinin—-Radushkviech isotherm model

D-R isotherm was used to distinguish between the physical and chemical adsorptions of
the ions and estimate the apparent free energies of adsorption. The related equation is given
as follows:
log ge = log ks + 1/n log Ce (14)
where gm is the maximum adsorption capacity (mequiv/g); is the D-R constant related to the
sorption energy (mol?/K/1?); and e is the Polanyi potential.
€e=RTIn (1 + 1/Ce) (15)
where R is the gas constant (kJ"'mol*K) and T is the absolute temperature (K). The D-R
isotherm is plotted in Fig. 13 and the obtained parameters are represented in Table 5. In a
solution, when 1 mol of an ion is transferred to the surface of an adsorbent from infinity, its
free energy is called the mean energy of adsorption (E), which is calculated as follows:
E=(2B)"? (16)

The magnitude of E within a range of 8-16 KI/mol demonstrates that the sorption process
is done through an ion exchange interaction. The reaction mechanism can be related to the
magnitude of E. When E value is within the range of 8-16 kJ/mol, the sorption process is
followed by ion exchange, but when E<8.0 kJ/mol, physical forces are responsible for the
process [23],

Table 6. Adsorption capacity of Zr by some adsorbents

Sorbent Qm(mg.g-1) Reference
Clinoptilolite 83.12 [6]
Coriolus versicolor 71.00 [24]
Rice bran 50.00 [25]
Citrus peel waste biomass 45.02 [26]
Magnetic zeolite composite 188.67 This work
Magnetic zeolite nano composite 270.27 This work
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4. Conclusion

The magnetite-zeolite nano- and micro-composites were synthesized, characterized, and
evaluated for Zr removal from aqueous solutions. The nano-composite represented a high
cation exchange capacity, high selectivity towards Zr, and rapid adsorption kinetics as com-
pared to the micro-composite of zeolite. The nano-composite displayed 26.9% increasing in
adsorption capacity. The results of the kinetic studies suggested that the initial sorption rate
and rate constant were greater when using the nano-composite instead of the micro-conpo-
site. The VSM results verified the sufficient magnetic strengths of the nano- and micro-com-
posites to be attracted by a magnetic field. The PSO model gave a better correlation with the
experimental kinetic data compared to the PFO model, confirming the dominant process of
the chemical sorption. The values of the thermodynamic parameters demonstrated the endo-
thermic and spontaneous natures of the adsorption process.
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Abstract

Geostatistical simulation using multiple-point statistics (MPS) has improved the quality and effi-
ciency of reservoir models by replacing the conventional two-point statistics with multi-point sta-
tistics acquired from training images. As a stochastic method, multiple -point statistics requires the
training image to satisfy the conditions of stationarity and ergodicity in order to capture patterns
from the training image and reproduce them in the reservoir model. This limits the sources of
analogue data that can be directly used to create geologically realistic training images. In this
paper, I present a workflow for creating training images of meandering fluvial reservoirs from
satellite images using the object-based and interactive facies modelling techniques and show that
satellite images of modern fluvial depositional environments can serve as a library of analogues
for meandering fluvial reservoirs. The workflow describes a simple process of creating stationary
training images, which are geologically realistic directly from satellite images. This allows multiple -
point statistics to capture the patterns contained in the training images. The extracted patterns,
which serve as the main input for simulation of reservoir models, are reproduced in the resulting
model.

Keywords: Satellite images; training images; multiple-point statistics; meandering; fluvial; reservoirs.

1. Introduction

Fluvial reservoirs are formed by sedimentary bodies with random, curvilinear geometries
such as sinuous sand channels, levees, crevasse splays etc. Such random, complex shapes
are poorly reproduced in geostatistical reservoir models using conventional two-point (vario-
gram) statistics [*-41, This limitation is due to the inability of two- point statistics correlation to
adequately capture the irregular pattern and continuity of the facies bodies thus, reservoir
connectivity and heterogeneity is often misrepresented. This pixel-based approach however,
allows for effective data conditioning. In contrast, object-based modeling provides better and
more realistic reproduction of random, curvilinear and highly connected facies geometries but
data conditioning, especially with dense data constraints, of the resulting geostatistical model
presents a great challenge and is the major limitation of this technique %51, The strengths of
these two techniques are combined in the multiple-point statistics (MPS) geostatistical reser-
voir modelling approach. By combining and utilizing these strengths, MPSis able to reproduce
random and complex shapes while also honoring conditioning data.

Multiple-point statistics considers more than two points at a time and builds the model one
pixel at a time 31, It acquires statistics from quantitative, pixel- based, conceptual geological
models known as training images 51, The patterns contained in the training image are ex-
tracted and utilized to capture facies geometries and relationships, which are then reproduced
during the stochastic simulations.

Training images are preliminary and fundamental requirements for MPS modelling. They
describe and quantify spatial facies distribution, facies connectivity, lateral continuity, vertical
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stacking pattern etc. They can be constructed based on hand-drawn conceptual models, out-
crop mapping or stochastic algorithms and generated using unconditional object-based ap-
proach.

Satellite images can serve as a library of analogue data that can be used to generate train-
ing images for MPS. High-resolution satellite images of modern fluvial depositional environ-
ments capture the facies patterns and geometries expected in meandering fluvial reservoirs.
This information is critical for modelling reservoirs and can be imported into MPS reservoir
models via training images. Suitable sections of the satellite images can be meticulously se-
lected and directly used to create training images.

2. Meandering fluvial systems

Fluvial environments are characteristically made up of channels and the overbank area.
When rivers flow at either low flow stage or high flow stage, they are normally confined to the
channels. At low flow stage, the level of water in the channel is far below the level of the
channel banks, while at high flow stage, the channel s filled up to the channel banks or close
to it. At other times however, the volume of water discharged could be too much for the
channel to contain, resulting in flooding over the channel banks and onto the overbank area.
Forthis reason, the overbank area is also known as the floodplain.

Coarser sediments are transported along the channels as bed load, while finer sediments
are transportedin suspension. The sediments are transported for as long as the energy of the
flow is enough to carry them along. As the energy of the flow decreases, coarser sediments
are deposited within the channels, while finer sediments subsequently settle out of suspen-
sion. During flooding, the sediment — bearing water flows onto the floodplain where the finer
sediments settle out of suspension.

In areas of low gradient away from the upland source area (middle to lower parts of the
fluvial system), the flow becomes sinuous resulting in the development of the meandering
channel pattern. During flooding, suspended sediments carried in water spilled over the chan-
nel banks quickly settle out along the banks of the channel where they accumulate to form
levees. When there is a rise in water level, the levees are often breached, resulting in the
deposition of sediments in a ‘fan-shaped’ pattern spreading outward from the outer channel
meanders to form crevasse splay. As water flows in a sinuous pattern, the outer banks of the
channel are eroded and the sediments are deposited along the inner banks, forming point bars
and causing the channel to continuously migrate laterally just as the point bar sequence ac-
cretes laterally. Over time, the channel meanders become larger and separated by narrow
necks, which may eventually be breached, cutting off the meanderto form oxbow lakes.

3. Training image

Training images are quantitative and visually explicit conceptual models, showing reservoir
facies geometries, patterns, distribution and relationships. They represent the geologist’s prior
knowledge and understanding of the reservoir. The training image provides a database of the
full range of possible patterns and relationships that are believed to be present in the target
reservoir [*1, from which multipoint statistics are extracted for simulation. It is a conceptual
model, which is not conditioned to any data [4€],

Early advancesin MPS simulation proposed the use of 2D digitized outcrop photographs or
hand drawn sketches as training images [-¢1. Generating 3D training images by combining 2D
information was found to rely on weak assumptions, and introduced errors and uncertainties
into the training image 781, Later developments led to the widespread use of object based
modeling for generating training images 1. The object based modeling approach is perhaps
the most common and uncomplicated approach for creating 3D training images by generating
unconditional realizations. Training images can be generated fromseveral other tools such as
outcrop analogues, sequence stratigraphic studies and process-based models 91,

MPS algorithms based on SNESIM require the training image to have similar and repetitive
patterns for those patterns to be extracted and reproduced. This principle is referred to as
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stationarity [2:1°1, By implication, this principle limits the outcrop analogues, models and other
tools that can be used to generate training images because many outcrops are made up of
non-stationary features and therefore unsuitable for creating training images. Although res-
ervoirs are themselves not entirely stationary, it is good practice to split them into small
stationary sections and generate a different training image for each section [®1), Multiple train-
ing images may also be required where considerable uncertainty exists regarding facies ge-
ometry due to limited geological knowledge [*1l, In such situations, multiple training images
with variable parameters such as size and orientation of facies, connectivity and heterogeneity
should be generated to represent different scenarios.

The size of the training image in relation to the size of the largest feature to be reproduced
in the reservoir model is important with regards to ergodicity. Training images should be at
least twice the size of the reservoir to be simulated in the direction of the largest continuity
due to ergodic fluctuations [*°1, These fluctuations, resulting from calculation of parameters
from a finite domain, are larger across larger distances over which they are measured. Thus
channels, which are usually the largest features in fluvial reservoirs, appear broken along their
lengths if the training image is smaller or the same size as the model.

4. General workflow

The following workflow (Figure 1) shows a summary of simple steps to follow to directly
use satellite images of modern fluvial depositional environmentsto create training images for
MPS simulation of meandering fluvial reservoirs.

MPS simulation
of 3D reservoir
model

Select
satellite
Image Object-based
modelling of
training image

Create 3D |$
grid
Interactive facies

modelling of
training image

Make &
test
pattern

Figure 1. Workflow for using satellite images as analogues to model fluvial reservoirs

4.1. Satellite images

Google Earth provides high-resolu-
tion satellite images of modern fluvial
depositional environments, for example
the Ob River area, Russia (Figure 2). The
area contains interesting patterns of
meandering channels, which appear
similar and repetitive. This is an im-
portant requirement for MPS to capture
and reproduce the patterns from the
training image.

Google earth

Figure 2. Satellite image of the Ob River area, Russia
(Google Earth)

Sections of the satellite image of this area can serve as modern analogues of meandering
fluvial reservoirs to create training images. This ensures that the training images, although
conceptual, are geologically realistic. The selected sections (Figure 3) show typical meandering
channel patterns.
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Figure 3. Satellite images of channel patterns in the Ob River area, Russia: (a) Meandering pattern with
large meander loops, showing point bars (yellow circles), (b) Meandering pattern with smaller meanders
(Google Earth)

4.2, 3D grid

The creation of training images involves creating an empty 3D grid on which the training
image would be modeled. This is simplified in Petrel ® with the training image and pattem
creator, which enables the user to create an empty, simple training image grid (TI grid) by
defining the number of cells in the grid, as well as the cell size. The size of the grid may
depend on the number, size or complexity of the objects to be populated, and has effects on
the execution time. Therefore splitting the reservoir into smaller stationary sections will result
in more, but fastertraining images.

4.3. Object-based training images

One of the most straightforward ways of creating 3D training images is by object-based
modelling. This method produces geologically realistic geometries and relationships. Facies
modelling under object-based modelling allows the user to select and define facies bodies in
the training image (Figure 4). An unconditional training image containing user-defined objects
can then be generated to mirror the faciesin the satellite image.
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Figure 4. Inputting channel parameters into the object modeling process
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The training image (Figure 5) was created using the channel object and associated levees
facies bodies. The channel and levee dimensions such as orientation, amplitude, wavelength,
width and thickness were defined. The default background facies is shale and so does not re-
quire the user to define any parameterfor the floodplain.

Figure 5. TI 1 - training image showing floodplain (grey), channel (yellow) and levee (pink): (a) map
view, (b) oblique view

Figure 6. Stages of TI 2 creation process - training image (map view) showing floodplain (grey), channel
(yellow), levee (pink) and crevasse splay (blue): (a) erosion rules not defined (b) erosion rules defined,
but crevasse splay orientation not defined (c) crevasse splay orientation defined by directional trend
property (d) crevasse splay constrained to the outer meanders by object curvature property
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Crevasse splay, which form when levees are breached, typically spread outward from the
outer meanders. Figure 6 demonstrates the process of creating this relationship. To model the
relationship, the erosion rules must be defined for the crevasse splay to erode and overwrite
the levees and the floodplain only. Without defining these rules, the crevasse splay are ran-
domly populated in the training image, including within channels (Figure 6a). Defining the
erosion rules does not only prevent this, but also attaches the crevasse splay to the levees
(Figure 6b). At this stage, it is necessary to generate the directional trend property to define
the orientation of the crevasse splay such that they spread outward fromthe channels (Figure
6c¢). Generating the object curvature property and using it as a volume probability property
constrains the crevasse splays to the outer meanders which have the highest positive curva-
ture values, giving a more geologically realistic relationship (Figure 6d).

The process of adding oxbow lake objects to
the training image is similar to that of the cre-
vasse splay. It involves defining the erosion rules
for oxbow lake to erode and overwrite floodplain
only, and generating the directional trend prop-
erty to define the orientation of the oxbow lakes
(Figure 7). Defining the erosion rules is important
to prevent older deposits (oxbow lake) from
eroding more recent deposits (channels).

Figure 7. TI 3 - training image (map view) showing
floodplain (grey), channel (yellow), levee (pink), cre-
vasse splay (blue) and oxbow lake (orange)

€«

4.4, Interactive facies modelling training images

Interactive facies modeling involves direct painting of facies on the 3D grid. To make the
grid visible, a constant value (0) was assigned to the TI grid using the property calculator,
which populated the entire grid with background facies (shale). Oncethis is created, the user
can paint the other facies on the TI grid using the facies paintbrush. The user can also filter
through the layers of the 3D TI grid and paint the facies on the layers (Figures 8 and 9).

Tows

Figure 8. TI 4 - training image showing floodplain (grey), channel (yellow), levee (pink) and
crevasse splay (blue): (a) map view, (b) oblique view
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Figure 9. TI 5 - training image showing floodplain (grey), channel (yellow) and point bar (orange): (a)
map view, (b) oblique view.

The interactive facies modelling technique also allows the user to directly trace the pattems
on the satellite image onto the TI grid. Selected sections of satellite image can be imported
into Petrel as bitmaps. Once imported, the limits of the bitmaps can be set to match the TI
grid parameters (Figure 10a), so that the bitmap can fit onto the grid. The bitmap can be
placed on the grid by setting its Z (depth) value to 0 (Figure 10b).
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Figure 10. a. Limits of bitmap set to match TI grid parameters, b. Oblique view of bitmap placed on TI
grid

The interactive facies modelling technique is especially suitable for patterns that cannot be
modelled with the facies bodies available in object-based modelling, such as point bar and
large meander loops with narrow necks (Figure 11). Such patterns are best created using
interactive facies modelling.
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Figure 11. TI 6 - training image showing floodplain (grey), channel (yellow) and point bar (orange): (a)

map view, (b) oblique view

4.5. Multi-point facies patterns
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Figure 12. Training image and pattern creation di-
alog box

MPS utilizes patterns extracted from
training images as its main input, which are
reproduced during the stochastic simulation.
Petrel ® allows the userto create these pat-
terns (Figure 12), which explain the neigh-
borhood relationship of facies. This makes
the process more intuitive, asthe useris able
to visualize the patterns to be reproduced
prior to simulation.

It is important to consider the effects of
the search mask and multi-grids on the pat-
terns (figure 12). During multi-point facies
pattern creation, the coarsest grid is popu-
lated first. The coarsest grid is given by
2~(m-1), where ‘m’ is the number of multi-
grids. For example, if 2 is chosen as the
number of multi-grids, the coarsest grid will
be 2~ (2-1) = 2. This means that the second
cell in every direction would be populated
first, starting with the central cells. For 4
multi-grids, the coarsest grid will be 2/~ (4-1)=
8, which means that the 8™ cell in every di
rection would be populatedfirst. This implies
that the smaller the number of multi grids,

the betterthe patterns are reproduced, and the larger the search mask needed to coverthe
required area.

Figures 13 and 14 show the effect of ergodic fluctuations on the extracted patterns. The
patterns appear broken in the direction of their largest continuity i.e. channels lengths (larger
distance) as manifestations of this fluctuations. The extracted patterns (Figures 13 and 14)
display these channel discontinuities because they are of the same size as the training images
(Figures 5 and 9, respectively). This effect can be eliminated when building the reservoir
model. To eliminate the effect, the training image size must be at least twice as large as the
largest feature (channel length) reproduced in the reservoir model.
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Figure 14. Multi-point facies pattern from TI 5 showing floodplain (grey), channel (yellow) and point bar

(orange): (a) map view, (b) oblique view
4.6. MPS Model

5. Conclusions

The pattern (Figure 14) extracted from TI 5
(Figure 9) was used to create a simple uncondi-
tional conceptual MPS model. The model was
built to half the size of the training image in the
direction of the channels lengths to prevent the
manifestation of ergodic fluctuations. The chan-
nels are the largest featuresto be reproduced in
the reservoir model hence the smaller size in the
direction of theirlengths. The pattern was repro-
duced during the stochastic simulation and the
resulting model (Figure 15) shows complete and
continuous channels across the floodplain.

Figure 15. Map view of a simple conceptual MPS reser-
voir model showing floodplain (grey), channel (yellow)
and pint bar (orange)

€«

Satellite images of modern fluvial depositional environments can serve as a library of ana-
logues for meandering fluvial reservoirs, which can be used to create training images for mul-
tiple-point statistics. However, this goes with the caveat that they must be stationary. The
principle of stationarity, which MPS relies upon to capture and reproduce the information con-
tained in a training image, limits the analogues that can be used to create training images.
Suitable satellite images, which satisfy the condition of stationarity can be directly used to
createtraining images based on the object-based and/or the interactive facies modelling tech-
niques following the workflow presented in this paper. The training image must be at least
twice the size of the reservoir model in the direction of channels lengths to prevent the man-
ifestation of ergodic fluctuations as channel discontinuities in the reservoir model.
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Abstract

Coal is a fossil fuel and feedstock utilised globally for the production of chemicals, fertilisers and
electricity. Intrinsically, coal is anintegral part of the global energy mix and has significantly contributed
to the socioeconomic growth and development of nations worldwide. With the second largest de-
posits in Africa, Nigeria is expected to investin coal electricity in the future. However, limited data
on the fuel characteristics, thermal degradation behaviour, and evolved pollutants profiles of Ni-
gerian coals has hampered the establishment of coal power plants. Therefore, this study examined
the physicochemical, mineralogical, and thermal propertiesof Owukpa (WKP) coal. The results showed
that WKP contains high carbon, hydrogen, volatile matter, fixed carbon, ash and higher heating
value but low nitrogen, sulphur, oxygen, and moisture. The mineral content was comprised of
organic and inorganic mineral elements. The thermal analysis revealed significant mass loss (but low
residual mass) for flash combustion (FCO) compared to low mass loss (high residual mass) for
flash pyrolysis (FPY). The thermal decomposition of WKP under FCO and FPY occurredin two stages
due to drying and devolatilization, although FCO was more thermally efficient than FPY. Conse-
quently, WKP can be effectively utilised for energy recovery under either oxidative or non-oxidative
conditions.

Keywords: Fuel Characterization; Thermal Degradation; Owukpa, Benue; Nigeria.

1. Introduction

Coal is an important fossil-based fuel and feedstock globally utilised for the production of
chemicals, fertilisers and most importantly, electricity. As a result, coal remains an integral
part of the global energy mix accounting for over 38% of global electricity generation [, Given
its importance, analysts posit that coal will remain a crucial contributor to energy production
and supply in the future. Accordingly, coal utilisation for energy production is expected to ex-
pand significantly in developing countries particularly India, China, and South Africa which
have large deposits [2,

Likewise, the trend is expected to grow in Nigeria, which has the second largest deposits
of coal in Africa 31, Currently, it is estimated that Nigeria has 640 million tonnes of proven
reserves along with 2.8 billion tonnes of inferred reserves. The distribution of Nigerian coal is
comprised of 12% lignites, 49% subbituminous, and 39% bituminous 31, Despite its huge poten-
tial, coal utilisation for electricity production in Nigeria remains insignificant 1. As a resultt,
Nigeria continues to experience severe power shortages resulting in an energy crisis that has
stifled socio-economic growth and sustainable development.
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The nation’s inability to harness coal energy is attributed to numerous challenges which can
be broadly categorised as socio-economic, environmental, and technological. Furthermore,
the non-existence of coal in Nigeria’s energy mix is due to the lack of comprehensive physi-
cochemical, thermo-kinetic, and thermodynamic data on various Nigerian coals [®1. Current
data on Nigerian coals is limited to its rheological [¢], petrographic [7-81, geochemistry [°-19],
and mineralogical [*1-12] properties. Other studies have attempted to examine the power
generation characteristics of selected coals in Nigeria [13-151

However, there is limited data on the fuel characteristics, thermal degradation behaviour,
evolved gas and pollutants profile of Nigerian coals along with its solid waste profiles after com-
bustion. As a result, the design, operation, and maintenance of coal power plants in Nigeria
remains plagued by such technical issues. Therefore, it is important to critically examine the
fuel properties of various Nigerian coals such as Owukpa, which is a sub-bituminous coal from
Benue state in Nigeria. Aptly termed the “food basket of the nation”, Benue state produces large
quantities of fresh agricultural produce annually. However, the lack of power supply has hampered
the efficient storage, transportation, and conversion of the farm produce into finished prod-
ucts, thereby resulting in huge economic losses, waste disposal, and environmental challenges.

Therefore, the main objective of this study is to examine the fuel characteristics and thermal
properties of Owukpa coal as a potential feedstock for future power generation in Nigeria. The
study presentsthe physicochemical, microstructural, mineralogical and thermal properties of
Owukpa (WKP) coal. It is envisaged that the findings will avail engineers, policy, and decision
makers with comprehensive data on Owukpa coal required to implement technologically, eco-
nomical and environmentally friendly strategies for future energy recovery in power plants.

2. Experimental

The Owukpa coal sample was supplied by Ehinehi Nigeria Enterprises Limited — a mining
and prospecting company based in the Federal Capital Territory, Abuja, Nigeria. The rock sample
was crushed, ground, and sieved to obtain homogeneous sized particles below 250 pm. Next,
the powdered Owukpa (WKP) was subjected to physicochemical analysis in which the sample
was characterised by ultimate, proximate, and calorific analyses to examine its elemental,
proximate and higher heating values (HHV). The elemental analysis was performed on the CHNS
elemental analyser (Model: vario MACRO Cube, Germany) based on ASTM standard D5373-93.

The proximate analysis was performed by thermogravimetric analysis (TGA) based on the pro-
cedure described in the literature [*8], The higher heating value was determined by combustion
calorimetry using an oxygen bomb calorimeter (Model: IKA C2000, USA) based on the isoperibolic
measurement procedure described in ASTM standard D2015. The surface morphology, microstruc-
ture, and mineral composition of WKP were examined through Scanning Electron Microscopy (SEM).
The SEM was fitted with an Energy Dispersive X-ray (EDX) detector (Model: JEOL-JSM IT 300
LV, Germany) and analysed based on procedures previously described in the literature [*71,

Lastly, the thermal analysis of WKP was performed to examine its degradation behaviour
and characteristic profile temperatures (TPC) under flash combustion and pyrolysis conditions.
The non-isothermal thermogravimetric analysis (TGA) was performed by heating 10 mg of
pulverised WKP in an alumina crucible at a heating rate of 50°C/min from room temperature
(RT) to 900°C. For flash pyrolysis, ultra-pure nitrogen (flow rate 20 mL/min) was employed
to flush the TG analyser whereas air (flow rate of 20 mL/min) was employed for flash combustion.
The objective was to examine the thermal properties of WKP under conditions similar to pul-
verised coal combustion and pyrolysis. On completion, the raw data was retrieved and plotted
as mass loss (TG, %) and derivative mass loss (DTG %/min) against temperature in degrees
Celsius. Next, the temperature profile characteristics (TPC) of WKP were determined through
the Shimadzu thermal analysis software (version: TA-50 Workstation) to examine its thermal
degradation behaviour (TDB). The TPCs examined in this study were; onset or ignition ( Ton),
midpoint (Tmiz), and maximum decomposition (Tmax), and burnout (Torr) temperatures together
with the mass loss (M, %) and residual mass (Rv, %) of WKP coal. The definition of the TPC
terms is detailed in our previous study [*7],
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3. Results and discussion
3.1. Physicochemical analyses

The physicochemical properties of Owukpa (WKP) coal was examined by ultimate, proxi-
mate, calorific analysis and the results presented in Table 1. The results were compared with
the values of Owukpa reported in Chukwu et al., 31,

Table 1. Physicochemical properties of Owukpa coal

Analysis Element Symbol (Unit) This Study Chukwu et al., 3]
Carbon C (wt.%) 65.40 67.82
Hydrogen H (wt.%) 5.23 5.88
Ultimate Nitrogen N (wt.%) 1.60 1.43
Sulphur S (wt.%) 0.46 0.60
Oxygen O (wt.%) 27.32 9.47
Moisture MC (wt.%) 6.50 11.50
Proximate Volatile matter VM (wt.%) 31.49 39.10
Fixed Carbon FC (wt.%) 41.78 46.10
Ash AC (wt.%) 20.23 3.30
Calorific Heating Value HHV (MJ/kg) 26.67 26.51

The results in Table 1 indicate the elemental composition of WKP consists of high propor-
tions of Cand H but low N, S, and O content. The proximate composition of WKP indicates high
volatiles (VM), fixed carbon (FC) and ash (AC) but low moisture (M) content. The calorific value
was 26.68 MJ/kg, which according to ASTM D388 standard [*8! categorises WKP as a subbitu-
minous A, non-agglomerating low-rank coal (LRC). Furthermore, the HHV of WKP is signifi-
cantly higher than other Nigerian coals from Garin Maiganga (23.74 MJ/kg) *°], Inyi (19.39
MJ/kg), and Ezimo (20.96 MJ/kg) 3], Thioma (20.33 MJ/kg) and Ogboligbo (16.33 MJ/kg) [2°1,
However, it is in good agreement with the HHV of 26.51 MJ/kg reported for Owukpa in Chukwu
et al., 13, In addition, the CHNS and proximate (MC, VM, FC) properties of WKP in this study
are in fairly good agreement with Chukwu et al., 31, However, there are striking differences
of 17.85wt.% and 16.93 wt.% in the oxygen (O) and ash (A) content, respectively. This obser-
vation may be due to the methods of coal sampling, preparation, and characterisation tech-
niques employed in both studies.

3.2. Microstructure and mineralogical analyses

The SEM micrographs for Owukpa coal are presentedin Figures 1 (a) and (b). As observed
in Figure 1 (a), the micrograph reveals Owukpa coal consists of a heterogeneous mix of fine
and coarse-grained particles characterised by a distinctive glossy appearance. This is due to
the composition of metallic elements present in the complex structure of the coal. Therefore,
the mineralogical composition of WKP was examined through Energy Dispersive X-ray (EDX)
to determine its constituents. The EDX is presented in the electron micrograph in Figure 1(b).

As observed in Figure 1(a), the mineralogical composition of WKP is due to the elements
C, O, Si, Al, S, Fe, and Ti (wt.%) in decreasing order of magnitude. The compositionof each
element in the WKP structureis presented in weight percent (wt.%) in Table 2.

Table 2. Mineral composition of Owukpa coal

Coal Chemical Composition Coal Chemical Composition
element symbol (wt.%) element symbol (wt.%)
Carbon C 82.74 Sulphur S 0.40
Oxygen (0] 15.29 Iron Fe 0.18
Silicon Si 0.90 Titanium Ti 0.06
Aluminium Al 0.43
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Figure 1. SEM/EDX micrographs for Owukpa coal

As observedin Table 2, the mineral composition of WKP is mainly carbon (C=82.7 wt.%),
oxygen (0=15.3 wt.%), silicon (Si=0.90 wt.%) and aluminium (Al=0.43 wt.%) with trace amounts
of iron (Fe=0.18 wt.%) and titanium (Ti=0.06 wt.%). The elements of silicon and aluminium
indicate the presence of oxides of silicon (SiOz), aluminium (AlOs3), sulphur (SOs3), iron
(Fe20s3), and titanium (TiO2). In addition, the mineral composition may also contain silic ates,
sulphates, sulphides, and carbonate compounds.

In summary, the EDX results indicate that WKP coal has high mineral matter which may
account for the high ash content reported in Table 1. The potential energy recovery from WKP
particularly under oxidative conditions will potentially result in the deposition of high ash con-
tent rich in mineral matter. This could cause ash deposition and eventual operational chal-
lenges due to fouling, sintering, and agglomeration in equipment during coal conversion in
power plants. Therefore, further tests are required to critically examine the ash and mineral
matter content of WKP and its effects on thermal conversion.

3.3. Thermal analyses

The TG-DTG plots for the flash combustion (FCO) and flash pyrolysis (FPY) for Owukpa
(WKP) are presented in Figures 2 and 3.

110

WKP-FCO As observed in Figure 2, the thermal
analysis of WKP under flash combustion
and pyrolysis resulted in a progressive
mass loss (My) and ultimately a mass of
residues (Rw). The FCO processresulted in
a more significant M. as evident in the
curved plot in Figure 2. This may be due to
the oxidative nature of the process resuit-
ing in the exothermic reactions that en-
sured significant thermal degradation of
o w0 o 3w 4o sw w0 70 se w0 w0 WKP coal constituents. However, the ther-
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endothermic nature of the process.

— - = WKP-FPY

100 A
90 A
80 -
70 A
60 -

TG (%)

50 A
40 -
30 A

20 A
10 H

0

Figure 2. TG plots for flash combustion and pyroly-
sis of WKP
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As a result of the difference in operating conditions, it is expected that thermal degradation
behaviour, thermal reactivity, and temperature profile characteristics (TPC) of WKP will vary
distinctly. To examine the thermal degradation behaviour, the TPCs were deduced from the
Shimadzu Thermal analysis software (version: TA-50 Workstation). The results of the TPCs
deduced fromthe TG plots are presentedin Table 3.

Table 3. TG-TPCS for Flash Pyrolysis and Combustion of Owukpa coal

Onset Midpoint Offset Mass Residual
Thermal
Analysis temperature temperature temperature loss mass
(Tons, °C) (Tmid, °C) (Toff, °C) (ML, %) (Rm, %)
FPY 339.06 469.41 617.25 42.09 57.91
FCO 274.56 519.47 759.23 77.41 22.59

As can be observed in Table 3, the thermal degradation of WKP under FPY (flash pyrolysis)
resulted in 42.1% mass loss (ML) compared to 77.4% during FCO (flash combustion). As a
result, the residual mass (Rm) for FPY and FCO were 57.9% and 22.6%, respectively. Based
onthe onset (Tons) and offset (Torr) TG-TPCtemperatures, the FPY occurred between 339.06°C
and 617.25°C whereas the FCO occurred between 274.56°C and 759.23°C. This indicates that
FCO occurred over the temperature range of 484.67°C compared to 278.19°C for FPY ac-
counting forthe higher M. (and lower Ru) in the former compared to the latter.

Next, the thermal degradation behaviour and decomposition pathway forthe FPY and FCO
of WKP coal were also examined by derivative thermogravimetric analysis (DTG). The DTG
plots are presented in Figure 3.

Zoe0 \ As observed in Figure 3, the DTG plots

— o WP FPY e WK

for FPY and FCO are characterised by two
predominant set of peaks in two distinct
regions. Thefirst region occurred between
RT and 250°C whereas the second region
was from 250°C to 900°C. Since the first
region occurred below 250°C thereby re-
sulting in mass loss below 10%, it can be
ascribed to loss of moisture or drying of
WKP during FPY and FCO. However, the
6 1 200 3w 4w s oo o =o wo 1w MAss loss in the second region was signif-
Temperature (*C) icantly higher than during drying and as-
' . _ cribed to the loss of volatile matter (or de-
5'322,? SQK%TG plots for flash combustion and pyrol volatilization) in WKP. The degree or rate
of mass loss and the TPCs fordrying and
devolatilization were examined as presented in Table 4.
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Table 4 DTG-TPCS for Flash Pyrolysis and Combustion of Owukpa coal

Peak drying M, rate Peak devolatiliza- M, Rate
Thermal Analysis temperature (%/Min) tion (%/Min)
(Dmax, °C) temperature
(Tmax: oC)
FPY 116.48 3.86 487.41 5.53
FCO 116.17 5.50 495.84 5.26

As observed in Table 4, the Dnax (peak drying temperature) for FPY and FCO differ slightly
during drying. Furthermore, the rate of ML at Dnax for FPY (3.9 %/min) is lower than that for
FCO (5.5 %/min). Similarly, the devolatilization peak temperature (Tmax) for FPY and FCO
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differed slightly during devolatilization. This indicates that the oxidative or non-oxidative na-
ture of the process does not significantly influence the M. rate or degradation pathways during
the FPY and FCO of WKP under the conditions examined in this study.

4. Conclusion

The paper examined the fuel characteristics and thermal degradation of Owukpa (WKP)
coal from Benue state in Nigeria. The fuel characteristics of WKP were examined based on
elemental, proximate, and calorific analyses. On the other hand, the thermal degradation be-
haviour was examined by non-isothermal thermogravimetric analysis under flash combustion
(FCO) and flash pyrolysis (FPY) conditions. The results indicate Owukpa coal contains high
proportions of combustible elements (C, H) but low pollutant elements (N, S) and O. The
proximate properties revealed low moisture content but significantly high proportions of vol-
atile matter, fixed carbon, ash and higher heating value. The mineralogical composition of
WKP is due to C, O, Si, Al, S, Fe, and Tielementsin decreasing order. The thermal degradation
of WKP revealed significant mass loss (but low residual mass, Rv) for flash combustion (FCO)
whereas the pyrolysis process (FPY) was characterised by low mass loss (but high residual
mass, Ru). This demonstrates that the FCO process is more thermally efficient compared to
FPY. The DTG plots revealed WKP decomposes in two stages characterised by drying and
devolatilization. Lastly, the TPCs indicated that the degradation pathways for FCO and FPY are
similar as observed in the study. In general, the fuel characteristics and thermal properties of
WKP confirmed it is a prospective fuel for energy recovery under either oxidative or non-
oxidative conditions provided the high ash content can be addressed.
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Abstract

The results of the thermal destruction of solid domestic waste (which are polyethylene items) were
presented for batch-type laboratory equipment. According to the modern requirements of EU for
the amount of sulphur in fuel and boiler fuels, polyethylene items are a valuable source for pro-
duction of these fuels.

During atmospheric heating of the raw material in reactor the intensive destruction of polyethylene
can be observed in the range of temperature 560-580 K. It has been defined the composition of
products of polyethylene thermal destruction: 95 % (mass.) of liquid hydrocarbons, 4,5 % (mass.)
of light hydrocarbon gases and 0,5 % (mass.) of coke. Fractionation of liquid hydrocarbons allows
to separate 15 % (mass) of fraction 340-488 K, 14 % of fraction 406-518 K, 43 % of fraction 438-
546 K and 27 % of residue (>623°C fractions).

Liquid products can be applied for production of boiler and furnace fuels independently and in a
mixture with the petroleum processing products in different ratio.

Keywords: polyethylene items; themrmal destruction; reactor; boiler fuel; fractionation, residue; aromatic hydroar-
bons.

1. Introduction

In a condition of strong development of technosphere, we have a problem of accumulation
of municipal, industrial and other waste. The territories which are considered to be applied for
utilization of waste must be withdrawn from the agricultural fund for no less than 100 years.
Nevertheless, technological processing of waste is an importantincome itemin many countries
of EU and can be applied for the production of electrical energy and different construction
materials.

2. Publication analysis

Nowadays polyethylene items are the most common source of domestic wastein a world,
and the most common way for their utilization are landfilling and burning with the production
of electrical energy [*1. However, implementation of these ways doesn’t solve the problem of
environmental pollution because the burning of polymers leads to the formation of a huge
amount of gaseous and solid waste.

The most common way of utilization is crushing and granulation of polyethylene waste for
the further production of packet, film, etc. [2-31 and production of complex technical items
through the die-casting 4!

There is a way of production of synthetic fuel through the dissolving of solid polyethylene
briquettes with the heating of solution up to 380-400 K with the further supply to the burners
of an internal combustion system [®1, To increase the strength of briquettes, different authors
propose to dissolve 8-14 % mass of polyethylene in the liquid hydrocarbon fraction with the
further cooling and crystallization of the hardener 1, Authors of [71 have performed the tech-
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nology of production of composite solid fuel by the combined processing which includes bri-
quetting of the mixture (5-10% (mass.) of polyethylene, 3-5% (mass.) of waste oil and up to
90% (mass.) of coal or coke dust. There is a technology of carbonization of solid domestic
waste at 720 Kin an ultrahigh-frequency microwave radiation field which is aimed at obtaining
of 12.9 % (mass) gaseous products, 48.5 % (mass.) of fuel oil 38.6 % (mass. ) of solid residue &1,

There is also a well-known way of processing of polymer materials through the catalytic ther-
mal decomposition in the alkyl-benzene. Temperature is 540- 700K and pressure is 6 MPa. The
disadvantage of the process is the application of expensive rare-earth material for the catalyst 1,

There was proposed the catalytic destruction of polyethylene at 620-670K at atmospheric
pressure. The hydrocarbon mixture that was obtained in this way can be applied as a raw
material for the motor fuels or at petrochemical plants [1°1, Due to the destruction of polyethylene
in the presence of synthetic catalyst, we can obtain a fraction which is similar to gasoline [*],
Authors of [*2] described the production of motor fuel components which contain a significant
part of iso-structure hydrocarbons that increase the antidetonation properties of this fuel.

Boiler and furnace fuel are widely used along with the motor in the industry and domestic
economy that's why the production of the boiler and furnace fuel should be carefully studied.

3. The purpose and goal of the research

Current trends in the EU according to the application of liquid boiler fuel with a low amount
of sulfur, require the complete desulfurization of raw material. From the one side, it makes
the application of condensing boils easier and decreases the harmful emission, from the other
side - it makes the fuel more expensive. The most rational solution is the production of the
boiler and furnace fuel which meet the EU standards and decrease the environmental impact
of the accumulated waste.

4. Experimental part

Exhausted polyethylene items are processed for obtaining of liquid components of the boiler
and furnace fuel at the laboratory unit (Fig. 1). Sorted and crushed polyethylene (size of particles
is 2x2 mm) was uploaded into the reactor 1. The raw material was heated up by the electric
oven 2. Pressure and temperature were controlled by pressure gauge 3 and two thermocou-
ples 4.

The shut-off valve was installed to provide the high pressure if it is necessary. Thermal
destruction products get to the condensing fridge 6 through the shut-off valve 5. Non-con-
densed gases can be removed from the unit through the condensing fridge 6.

If it is necessary to keep the temperature of the coolant (oil) in condensing fridge 6 between
546-566 K, the electrical heating can be provided. That's why oil is applied as a coolant in
fridge 6 instead of water. Condensed liquid products get to the storage after thermal destruc-
tion.

3 4 5 6

Qil Gas

| .
A
3 [ ]
' 8
]
Fig 1. Laboratory unit for polyethylene destruction: 1 - reactor; 2 - oven; 3 - pressure gauge; 4 -
thermocouples; 5 - shut-off valve; 6 — condensing fridge; 7 — storage for the liquid product; 8 - tray
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During the atmospheric heating of polyethylene, the intensive thermal destruction of poly-
ethylene is performed at 560-580 K (zone II). Before (zone I) and after (zone III) this area
speed of thermal destruction is constant (Fig. 2)

The speed of thermal destruction (Fig. 3) has been also studied. The speed increases at
560 K, passes through the maximum at 578 K and rapidly decreases at 588 Kwhich correlates
to the zone of intensive thermal destruction.
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Fig.2. Temperature variation through time Fig 3. Research of thermal destruction speed

Liquid products of destruction were studiedin the laboratory by the standardized methods
for determining the physico-chemical quality indices. Gasoline and diesel fractions were stud-
ied by the chromatograph to determine their chemical composition. The liquid residue of ther-
mal polyethylene destruction was studied by IR spectroscopy.

5. Results and discussion.

Fractional composition of thermal decomposition liquid products was studied according to
the standard ASTM D86 (Fig. 4). Fraction N21 (conditionally gasoline) was taken at 453 K,
fraction N2 2 (conditionally kerosene)-453-513 K and fraction N23 (conditional diesel)-513-
623 K.

Light hydrocarbon gases yield was about 4,5 % (mass.), coke yield — about 0,5% (mass.).
Results of a laboratory study of narrow fractions have been performed in table 1. Results of a
chromatographic study of gasoline and diesel fraction have been performed at fig. 5 and 6.

The summary content of aromatic hydrocarbons in gasoline fractionis 7.48 % (mass) and
0.84 % of benzene, which completely correlates to the current requirements. In diesel fraction
high-molecular aromatic hydrocarbons that cause formation of soot in fire chambers and also cause
the formation of harmful carcinogenic substances in the gaseous burning are completely absent.

The liquid residue of destructive polyethylene processing was studied by IR spectroscopy
which has defined normal paraffin mainly (wave number 2851 - 2954 cm!). The content of
otheraromatic hydrocarbons (wave number 1641 cm?) is insignificant.

Table 1. Results of laboratory research of narrow fractions after the thermal destruction

Ne Name of indices Name of a narrow fraction
Gasoline Kerosene Diesel
1. Density, kg per m3 732 789 807
2. Fractional composition, IBP - 67 IBP - 133 IBP - 165
yield, % (vol.) 10 - 80 25-195 50 - 268
at temperature, °C 50 - 118 96 - 331
90 - 187
FBP - 215 FBP - 245 FBP - 348
3. Pour point, K - 255 263
4. Flash point, K - 309 348
5. Kinematic viscosity, - 2.36 2.68
mm? per second at 313 K
6. Sulfur content, % (mass.) 0 0 0
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Fig. 4. Fractional composition of thermal decom- Fig. 5 The composition of the gasoline fraction
position liquid products
40

3
30 \
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n-alkanes aromatic
Type of hydrocarbons
Fig. 6. The composition of diesel fraction

5. Conclusion

The provided research has shown the possibility of application of domestic polyethylene
waste as a valuable source for production of liquid hydrocarbons by thermal destruction (total
output of liquid productsis 95% (mass.) of raw material). These products can be applied for
production of boiler and furnace fuel both independently and in a mixture with the petroleum
processing products. The components percentageis calculated according to the physical and
chemical indices of fuel.

It should be mentioned that provided research is only the first step for the industrial im-
plementation of thermal destruction of polyethylene and this process has to be studied in the
direction of raw material preparation and compounding of commodity fuel according to the
technical and ecological requirements.
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Abstract

The productivity index is accounted as one of the main characteristics of well performance, and is
of much importance in assessing the production amount/volume of liquids from wells. Further-
more, pseudo skin factor is an effective parameter in calculations related to the productivity index
of producing oil/gas wells. In this study, an accurate and reliable method is proposed to estimate
the pseudo skin factor as a function of dimensionless length and the ratio of horizontal well length
over drainage area in both square and rectangular drainage areas. To measure the accuracy per-
formance of the newly developed method, a smart technique called least square support vector
machine algorithm was used as a comparative method. The result demonstrate that the developed
method can estimate the pseudo skin factor data with lower average absolute relative deviation
compared to the smart technique (9.2 against 11.4%).

Keywords: Productivity performance; Pseudo skin factor; LSSVM model; Drainage area; Horizontal well.

1. Introduction

As a matter of fact, the productivity index (PI) which plays a key role in evaluating the
production amount/volume of liquids from wells, is accounted as one of the main characteris-
tics of well performance 11, In other words, productivity index is required for a large number
of calculations related to production and reservoir engineering. As a definition with no consid-
ering the type of formation and wellbore, the PI is the amount/volume of possible daily pro-
duction of reservoir fluids from a gas and/or oil well by 1 psi pressure drop [?1. As a result,
several parameters (i.e. the reservoir permeability, geometry of drainage area, the length of
horizontal wellbore, the properties of reservoir fluid, etc.) have influences on the value of PI
for a drilled well particularly horizontal one. Nowadays, use of horizontal wells has gained
considerable attention in petroleumindustry because it can increase the production of oil/gas
from reservoir, and the ability of injection to reservoirs for enhanced oil recovery (EOR) cases.
Therefore, it is of great importance to assess the productivity performance of hydrocarbon
reservoirs in case of horizontal wells.

Normally, the producing wells partially penetrates the formation of oil fields, so that if an
oil and/or gas well is completed as partially penetrating, the streamline converges and the
area for flowing the reservoir liquid reduces in the environs of the wellbore, which results in
added resistance (pseudo skin factor) 31, Subsequently, pseudo skin factor is recognized as
an effective parameterin calculations related to the PI and performance evaluation of produc-
ing oil/gas wells. Therefore, it is needed to estimate the pseudo skin factor due to partial
penetration through analytical and empirical methods. Babu and Odeh 1 proposed a compli-
cated equation for estimating the PI of horizontal wells which needed that the drainage volume
be approximately box-shaped, and all the boundaries of the drainage volume be sealed. Li et al. %!
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proposed a new methodto evaluate the productivity performance of fractured reservoirs. They
studied the influences of fracture properties on the PI of the wells. Fokker et al. ¢! developed
a new method for assessing the PI of complex wells. The results indicated that method pro-
posed could be applied in the finite-conductivity wells, well interference, non-homogenous
formations, and hydraulically fractured reservoirs. Bahadori et al. I71 developed an easy-to-
utilize empirical correlation for the evaluation of pseudo steady-state PI of horizontal oil wells.
To this end, pseudo skin factor was obtained by their new method. In the equation, they
considered pseudo skin factor as a function of dimensionless length and the ratio of horizontal
well length over drainage area side. Yu et al. 1 conducted a sensitivity analysis using the
numerical simulation in order to find the effects of various geometries of multiple transverse
hydraulic fractures on gas production.

The aim of present study was todevelop a reliable, accurate and applicable method for the
evaluation of oil horizontal well productivity through estimation of pseudo skin factor. To this
end, the literature data of pseudo skin factor as a function of dimensionless length and the
ratio of horizontal well length over drainage area side were collected. Furthermore, the results
obtained by the newly proposed method were compared with least square support vector
machine (LSSVM). Finally, the influences of dimensionless length and the ratio of horizontal
well length overdrainage area side on the pseudo skin factor estimated by the newly devel-
oped method were evaluated using a sensitivity study technique.

2. Proposing new method

As mentioned earlier, the reservoir properties, geometry of drainage area, the length of
horizontal wellbore, and the properties of reservoir fluid, etc., have significant effects on pre-
dicting the fluid productivity of wells. Furthermore, pseudo skin factoris accounted as one of
the most important parameters in calculations related to well-testing analysis and productivity
index. Therefore, a simple method which could rapidly estimate the pseudo skin factoris
needed to evaluate the productivity performance of producing wells. To develop such method,
the data of pseudo skin factor or shape-related skin factor (Scan) as a function of dimensionless
length (Lo) and the ratio of horizontal well length over drainage area side (U or L/2xe) for
square and rectangular shapes with ratios of sides 1, 2, and 5, was collected from literature [°-1°],
The collected databank collected in this study covers a wide range of pseudo skin factor from
1.412 to 5.86. Additionally, dimensionless length and the ratio of horizontal well length over
drainage area side range from 1 to 100 and 0.2 to 1, respectively.

Regarding issues discussed earlier, a simple method with two variables including dimen-
sionless length and the ratio of horizontal well length over drainage area side should be pro-
posed for the determination of pseudo skin factor or shape-related skin factor. During devel-
opment of the method, average absolute relative deviation (AARD or E;) was considered as
an error function to measure the accuracy of the newly proposed model. Final form of the
method is as follow:

2U+Lp"%% +2.6936 )
Sean = Ln(2.752 Lp) @
where Scan stands for pseudo skin factor, Lp expresses dimensionless length, and Uis the ra-
tio of horizontal well length over drainage area side (L/2xe). The equation for calculating di-
mensionless length has previously been reported as follow:

Lk, )
=% |k, (2)
where L denotes the horizontal well length (ft), h expresses the formation thickness (ft), k.
is vertical permeability (mD), and k» stands for horizontal permeability (mD). Here, it shoud

be noted that the method proposed (Eq. (1)) is applicable for both rectangular and square
drainage areas.

Lp
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3. Sensitivity study

Toillustrate the relevancy of the selected variables (i.e. dimensionless length and the ratio
of horizontal well length over drainage area side) for the estimation of pseudo skin factor, a
sensitivity study was carried out in this study. To this end, the relevancy factor (r) approach [
is employed to measure the influence degree of each variable applied in Eq. (1) for the deter-
mination of pseudo skin factor. In this approach, the positive or negative influence of input
variables on the pseudo skin factor is however not determined by absolute value of r. The r
values are calculated as follow [*21:

Zin:l(lnpk,i —W)(ﬂi _;)
\/Zin_l(lnpk,i _m)zzrﬂ(ﬂi _/_4)2

where: Inpk,i stands for ith value of the kth input variables and Inp, denotesthe average value
of the kth input variables, uiindicates the ith value of the pseudo skin factor calculated by Eq. (1),
and [ is the average value of the pseudo skin factor calculated by Eq. (1).

r(inp,, 1,) = (3)

4. Results and discussion

As a consequence, the LSSVM approach has successfully been implemented for estimation
of the different important properties in petroleumand chemical engineering [*3-171, Therefore,
LSSVM methodology 8191 as a smart predictive technique was used in this study for comparing
the results obtained by the newly proposed method (Eq. (1)) forthe estimation of pseudo skin
factor. In the LSSVM algorithmhas two tuning parameters including c2and y which should be
optimized through an optimization technique. Hence, the coupled simulated annealing (CSA)
[20-22135 an adjusting strategy was applied in the current study. Using the CSA technique, the
tuned values of g2and y for the developed LSSVM model for estimation of the pseudo skin
factor are reported as 0.002228 and 27288.14, respectively. Furthermore, some important
error parameters are considered to measure the accuracy of methods developedin this study
as shown in Table 1. Table 1 also reports the results obtained by both Eq. (1) and LSSVM
model for the estimation of pseudo skin factor. As clear in the table, the average absolute
relative deviation obtained for the newly developed method is less than LSSVM model. The
AARD values reported for Eq. (1) and LSSVM model are 9.2 and 11.4%, respectively. This
clearly shows that Eq. (1) is more accurate than LSSVM model for calculation of pseudo skin factor.

Table 1. Statistics error parameters of developed model for prediction of wax deposition rate

Performance Ea? % EP % SDe¢ RMSEd R2 e
LSSVM approach 11.4 -2.7 0.14 0.354 0.90
New method (Eq. (2)) 9.2 4.2 0.12 0.382 0.90

n X — X
aE, % :12| E.%| where Ei%{“px—“""“"}xmo: i=123,...,n
NS4

exp

2
13 1 3 Koo = Xirep ored
bE 0% == E.% cSpD = iexp i rep./pre:
' nizzll I n—1izll( X

iexp

N

1< Z(X(i)exp - X(i) rep./pred )2
YRMSE = \/_Z(Xiexp - Xirep./pred )2 ¢ R2 =1- N =L
e Z(X (i) rep.Jpred averagex(i)rep/ pred)

2
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Figs. 1 and 2 illustrate the pseudo skin factor data calculated by Eq. (1) and LSSVM model
in comparison with the literature reported records, respectively. Top vies of the two figures
shows scatter diagram, and bottomview is considered forillustrating the distribution of rela-
tive error calculated forboth Eq. (1) and LSSVM model.
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As can be seen from the figures, the results obtained by Eq. (1) are in more agreement
with the actual data of pseudo skin factor. Additionally, it is clear from the figures that the
values obtained by LSSVM model have been more distributed around zero line compared to
values calculated by Eq. (1). A further comparison between two methods is displayed in Fig. 3.
Fig. 3 indicatesthe smooth performance of the both Eq. (1) and LSSVM model against actual
data of pseudo skin factor. In other words, the figure illustrates the trend plot of pseudo skin
factor estimated by Eq. (1) and LSSVM model versus dimensionless length at the ratio of
horizontal well length over drainage area side equal to 0.2 (L/2xe=0.2). The figure confirms
that the values estimated by Eq. (1) are more matched with the actual data of pseudo skin
factor compared to the LSSVM model. This means that the Eg. (1) has an acceptable smooth-
ness trend in estimating pseudo skin factor.

As already mentioned, a relevancy analysis is carried out to see the impacts of dimension-
less length and the ratio of horizontal well length over drainage area side on the pseudo skin
factor estimated by Eq. (1). Fig. 4 illustrates the results of such sensitivity analysis. This figure
shows that the dimensionless length and the ratio of horizontal well length over drainage area
side have positive and negative effects on the pseudo skin factor estimated by Eq. (1), respec-
tively. The results obtained in this study demonstrate that the proposed method is capable
and reliable for the estimation of pseudo skin factor. Additionally, the method proposed in this
study could be applied in reservoir engineering soft wares to estimate the productivity perfor-
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mance of horizontal oil wells with rectangular and square drainage areas. Finally. It is worth-
while to mention that the method proposed in this study is a small equation with few number of
coefficients which can be re-optimized if more relevant data become available in future.
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Fig. 3. Smooth performance of the proposed method and LSSVM model in estimating pseudo skin fac-
tor at the ratio of horizontal well length over drainage area side equal to 0.2 (L/2xe=0.2)
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Fig. 4. The impact of variable used in Eq. (1) on pseudo skin factor

5. Conclusions

This study aimed to assess the productivity performance of horizontal oil wells in square
and rectangulardrainage areas. To this end, an accurate and reliable equation was proposed
to estimate the pseudo skin factor. The equation is applicable in both square and rectangular
drainage areas. To measure the accuracy performance of the newly developed method, a
comparative study was graphically and statistically carried out. Therefore, a smart technique
called least square support vector machine algorithm was used to see whether the proposed
method is reliable. The result demonstrate that the developed method can estimate the
pseudo skin factor data with lower average absolute relative deviation compared to the smart
technique (9.2 against 11.4%). Finally, a sensitivity analysis was performed to observe the
effects of variables applied in the proposed method. The results indicate that the dimension-
less length and the ratio of horizontal well length over drainage area side have positive and
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negative effects on the pseudo skin factor estimated by the newly proposed method, respec-
tively.

Nomenclature
EOR enhance oil recovery
PI productivity index
LSSVM least square support vector machine
CSA coupled simulated annealing
AARD average absolute relative deviation
R relevancy factor
Scan pseudo skin factor
Lp dimensionless length
U ratio of horizontal well length over drainage area side (L/2xe)
L horizontal well length, ft
h formation thickness, ft
kv vertical permeability, mD
kn horizontal permeability, mD
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Abstract

Biomarkers are a group of compounds, primarily hydrocarbons, found in oils, rock extracts, recent
sediment extracts, and soil extracts. The type/origin of the source rock, depositional environ-
ment/age and thermal maturity status of the organic matter contained in the samples were de-
termined based on the distributions and abundance of aliphatic biomarkers in the shale extracts.
From the biomarker analysis results, the n-Alkane in Nkporo and Enugu Formations ranges from
C14- C35 maximizing at C14 and C2o. This pattern of distribution indicates organic matter derived
from marine organic sources. The pristane/phytane ratios of the Nkporo Formation samples range
from 0.33-0.78 while that of Enugu Shale samples range from 0.65-0.75. These ratios indicate an
anoxic depositional environment rich in marine organic matter. The resultant ratios of isopre-
noids/n-alkanes (pristane/n-C17 and phytane/n-C18) of Nkporo source rocks range from 0.19 to
2.47 and 0.08 to 1.25. While that of Enugu source rocks range from 0.24 to 0.43 and 0.07 to
0.14. These ratios reflect that most of the Cretaceous source rocks were derived from mixed
organic sources, deposited under transitional environment and show a degree of maturation and
no biodegradation. Also the nature of kerogen shows that the Nkporo and Enugu source rocks are
of Type II/III. The CPI values of the Nkporo Formation range from 0.73 to 1.06 while that of the
Enugu Shale range from 0.97 to 1.09 (Table 4.10) indicating that, these source rocks are mainly
mature and most probably generated from marine organic sources (Bray and Evans, 1961). Also
the plot of CPI against OEP and Pr/Ph against CPI shows that the Nkporo and Enugu source rocks
are mature and deposited in a reducing environment respectively. The polycyclic hydrocarbon
(triterpanes) distribution showed that the source rock is of marine organic source. The occurrence
of oleanene isomersin Nkporo and Enugu samplesindicates that it is of the Cretaceous or younger
age. The presence of hopane, homohopane (C31-C35) and steranes in the samples showed that the
Nkporo and Enugu samples are derived from marine organic sources and are of the early mature
stage to generate hydrocarbon.

Keywords: GC-MS, Biomarkers; n-Alkanes; Isoprenoids; Triterpanes; Steranes.

1. Introduction

Several authors have demonstrated the usefulness and organic petrologic methods of ac-
cessing the generative potential and characteristics of source rocks in the Anambra Basin [*-4],
The deposition of organic sediments in the Benue Trough was first reported by Murat 51 and
examined in greater details by various workers [6-°1, The use of biomarkers as indicators of
biogenic, paleoenvironmental, and geochemical processes on earth has been widely accepted [10-16],
Biomarkers are widely used in petroleumgeochemical studies for source rock evaluation, oil-
oil or oil-source rock correlations, basin evaluation and reservoir management [71, The
objective of this workis to determine the type/origin of the source rock, depositional environ-
ment/age and thermal maturity status of the organic matter contained in the samples of the
Nkporo Group.
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Fig. 1. Geologic map showing the study area
2. Methodology

The saturated hydrocarbon fractions were analyzed for biomarker using a gas chromato-
graphic system coupled with a mass spectrometer (GC-MS). Compound separation was per-
formed on an Agilent 6890 Series GC-instrument equipped with an injection systemand a
fused silica capillary column (SGE BPX5; 50m length, inner diameter = 0.22 mm, film thick-
ness = 0.25 uym). Helium was used as carrier gas, and the temperature of the GC oven was
programmed from 50°C (1 min) to 310°C at a rate of 3°C/min, followed by an isothermal
phase of 10 min. The injector temperature was programmed from 52°C to 300°C at a rate of
12°C/sec. For compound identification, the gas chromatographic systemwas linked to a Fin-
nigan MAT 95 XL mass spectrometer operating in the electron impact mode (70 eV). Full scan
mass spectra were recorded from m/z 50 to 650 at a scan rate of 1 s per decade and an

interscandelay of 0.2 s, resulting in a scan cycle time of 1.3 s. The GC-MS analysis was perfor-
med at the University of Ibadan, Oyo State, Nigeria.

3. Results and discussion

The type/origin of the source rock, depositional environment/age and thermal maturity
status of the organic matter contained in the samples were determined based on the distribu-
tions and abundance of aliphatic biomarkers in the shale extracts. This was achieved by using
the Gas Chromatography- Mass Spectrometry (GC-MS). Ten (10) samples of the Campano-
Maastrichtian Nkporo Group (Six samples from Nkporo Formation and four samples from
Enugu Shale) were analyzed. These samples have high TOC, Tmax and Vitrinite Reflectance
values based on the results gotten fromthe source rock data. The Gas Chromatography- Mass
Spectrometry (GC-MS) are calibrated into three major distributions; n-alkanes and Isoprenoid,
Polycyclic Hydrocarbon (Triterpanes) and Steranes.

3.1. n-alkanes and isoprenoid distribution

The specific geochemical parameters, which have been assessed by the aid of Cis5 analysis,
are: Normal alkanes, Isoprenoid (pristane/phytane ratio), isoprenoids/n-alkanes ratio and car-
bon preference index. These parameters can be used for interpreting some geochemical as-
pects of the studied source rocks such as origin, depositional environments, and biodegrada-
tion [18],

3.1.1. Normal alkanes (n-Alkanes)
The distribution of normal alkanes in the saturated hydrocarbons sheds light on the genetic

origin of source rock. [*91, It is known that the amorphous sapropelic organic matteris char-
acterized by a maximum peak concentration of Ci4—Css, reflecting marine organic sources 18],
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Furthermore, the organic matters which were derived from the remains of higher vascular
plants (terrestrial) are characterized by a maximum concentration of n-paraffins at n-Cys—Cy [1°]

The n-alkane in Nkporo and Enugu Formations ranges from Ci4- C3s maximizing at Cisand
C20. The gas chromatograms of the n-Alkane in Nkporo and Enugu Formations ranges from
Cis- C35 and are characterized by the predominance of the maximum peak of Ci4. This pattem
of distribution indicates organic matter derived from marine organic sources [17],

3.1.2. Isoprenoid

The most common isoprenoids which are used in this work have a pristane/phytane ratio.
The pristane/phytane ratio has been used as an indicator of the depositional environment with
a low specificity due to the interferences by thermal maturity and source inputs [*71, The
pristane/phytane ratios of oil show some kind of correlation with the canonical variable (CV)
values. They are found that the low pristane/phytane ratio (<1) and CV (<0.47) associates
with carbonate oils, rich in marine organic matter and more than one of pristane/phytane ratio
and CV (>0.47) indicatesdeltaic oils, derived from the contribution of terrestrial and detrital
sediments.

The pristane/phytane ratios of the Nkporo Formation range from 0.33-0.78 while that of
Enugu Shale ranges from 0.65-0.75 (Table 1). These ratios indicate an anoxic depositional
environment rich in the marine organic matter [*71,

Table 1. Source and depositional environment parameters computed from n-alkanes and isoprenoids
distributions of Nkporo and Enugu Shale

Sample C17 C18 Pr Ph Pr/Ph Pr/nC17 Ph/nC18 CPI CPI OEP OEP
No. 1) (2)
NKP 03 26.857 30.605 27.06 30.605 0.77 0.19 0.08 1.06 0.98 0.48 0.94
NKP 07 26.842 30.304 27.046 30.574 0.55 0.22 0.09 0.84 0.63 0.43 0.73
NKP 08 26.839 30.295 27.035 30.565 0.57 0.34 0.12 1.06 0.87 0.50 0.91
NKP 12 26.835 30.300 27.025 30.596 0.33 2.47 1.25 0.87 0.81 0.87 0.81
NKP 16 26.836 30.296 27.027 30.575 0.78 0.22 0.06 0.85 0.39 0.27 0.60
NKP 17 26.840 30.301 27.032 30.571 0.72 0.25 0.07 0.73 0.58 0.36 0.72
ENU 20 26.832 30.300 27.031 30.572 0.75 0.24 0.07 0.97 0.75 0.44 0.85
ENU 21 26.842 30.299 27.023 30.560 0.65 0.30 0.08 0.98 0.48 0.27 0.72
ENU 24 26.845 30.305 27.113 30.571 0.76 0.43 0.14 1.09 0.91 0.55 0.96
ENU 25 26.846 30.309 27.040 30.584 0.68 0.27 0.11 0.99 0.85 0.50 0.87
Pr = Pristane Ph= Phytane CPI= Carbon Preference Index @ OEP= Odd-Even Preference
NKP- Nkporo Formation; ENU- Enugu Shale
3 15
g Tesestrial +  Hporo Formation + Miporo Fornation
E: Organic Matter ® EnuguShale ® EusguShoe
&/

44 g Mixed Orgaric Sourves t § eé‘-

5 : = S E
2 IE g & GS’
E g ,—@?

g 3 -
E . % 1\?‘\“‘"““

2 = 05 ; ‘w(ﬂ*'t

z . e
E.
lmg Iarine Organic Matter l:
&
—  Biodegradsiion
-5‘4 0.3 12 16 ; o 0.5 1 15
PhytanenCy, PhytainenCy,

Fig. 2. Plots of Pr/nC17 against Ph/nC18 of Fig. 3. Plots of Pr/nC17 against Ph/nC18
showing the organic sources and maturation of showing the type of kerogen of Nkporo
of Nkporo and Enugu Formation samples [29], and Enugu samples [201

Pet Coal (2018); 60(6):1161-1175
ISSN 1337-7027 an open access journal

1163



Petroleum and Coal

3.1.3. Isoprenoids/n-Alkanes ratio

Pristane/n-Ciy and phytane/n-Cis ratios have been used for oil-source rock correlation.
These ratios are influenced by the nature of kerogen and extent of generation and maturation 71,

The resultant ratios of isoprenoids/n-alkanes (pristane/n-Ci7 and phytane/n-Cig) of Nkporo
source rocks range from 0.19 to 2.47 and 0.08 to 1.25. While that of Enugu source rocks
range from 0.24 to 0.43 and 0.07 to 0.14. (Table 1). These ratios reflect that most of the
Cretaceous source rocks were derived from mixed organic sources, deposited under the
transitional environment and show a degree of maturation and no biodegradation [2°1 (Fig. 2).
Also, the nature of kerogen shows that the Nkporo and Enugu source rocks are of Type II/III
kerogen (Fig. 3).
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3.2. Polycyclic-hydrocarbons

Polycyclic-hydrocarbon biomarkers (triterpenes) are also considered to be the most pow-
erful tool for oil-source rock correlation due to their resistance to biodegradation 221, The
most common polycyclic biomarker compounds used in this work are tricyclic and tetracyclic
terpanes, moretanes, gammacerane, oleanane, and pentacyclic extended hopane. These com-
pounds represent an unusual organic input to the sediment and are abundant in many crude
oils generated from lacustrine source rocks, often associated with the hypersaline environment [23],

3.2.1. Tricyclic and tetracyclic terpanes

A series of tricyclic terpanes ranging from C19 to C29 are observed in Nkporo and Enugu Shale
samples (Figs. 7 a,b,c,d,e,f,g,h,i and j). The source rocks have low percentages of C19-C26
tricyclic terpanes which indicate organic matter derived from marine origin 241, The C24tetra/
C26tri(R+S) ratios range between 0.63- 2.0 and 0.55-1.54 for the Nkporo Formation and
Nkporo Shale respectively, probably both reflecting marine organic matter input 251 (Table 2).

Various ratios of tricyclic terpanes have been used to distinguish marine carbonate, lacus-
trine, paralic, coal/resin and evaporitic source depositional environments [17:26-28 The C,,/Cx
tricyclic terpane ratio in the samples range from 0.25 to 1.47 for the Nkporo Formation and
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0.57to 1.07 for the Enugu Shale, suggesting organic matter were both deposited in fluvial/del-
taic to the marine depositional environment 71 (Table 2). Catetra/Csohopane ratio has also
been used to assess depositional environment of source rock 71, Costetra/Csohopane ratios in
the sample range between 0.09 and 0.14 for Nkporo Formation, while that of Enugu Shale is
between 0.07 and 0.08. These values also indicate organic matter deposited in the
fluvial/deltaic-marine depositional environment 171 (Table 2).

Table 2. Source and depositional environment parameters from tri- and tetracyclic terpanes of Nkporo
and Enugu Shale

Sample No. %C19-C21 %C23 C24tetra/C26(R+S) C24tetra/ C22/C21

triterpane triterpane tri C30Hopane triterpane
NKP/ 03 NIL NIL 1.56 NIL 0.7
NKP/07 NIL NIL 1.78 0.09 0.7
NKP/08 NIL NIL 0.63 0.08 0.55
NKP/12 58.3 41.7 1.08 0.14 0.27
NKP/16 40.7 59.3 1.16 0.11 0.25
NKP/17 NIL NIL 2 0.11 1.46
ENU/20 25.1 74.9 0.56 0.08 0.6
ENU/21 NIL NIL 1.19 0.08 0.83
ENU/24 NIL NIL 1.54 0.07 1.07
ENU/25 NIL NIL 0.55 0.08 0.57

C24tetra/C30hopane = C24tetracyclic terpane/C30hopane;
C24tetra/C26(R+S)tri = C24tetracyclic terpane/C26(R+S)tricyclic terpane;
NKP- Nkporo Formation; ENU- Enugu Shale

3.2.2. Moretanes

High moretanes concerntration seemed to be abundant in organic materials of terrestrial
origin [2°1, Also very low moretanes concerntration seemed to be abundant in organic materials
of marine origin (Figs. 7 a,b,c,d,e,f,g,h,i and j) shows that moretanes (peak MOR, see peak
identification in Table 4) in the Nkporo and Enugu Shale extracts are has very low concentra-
tions and slightly abundant, indicating contribution from marine sources [2°1, Moretanes are
less stable with an increase in maturity; this is because of their relatively low concentrations
in oil samples [2°1 (Figs. 7 a,b,c,d,e,f,g,h,iandj).

3.2.3. Gammacerane

High gammacerane concentrations were originally considered to be markers for lacustrine
facies. Gammacerane occurs in major or minor concentrations in many rocks that are defintely
not of lacustrine origin as they are dominant in marine rocks [3°1, The lacustrine environment
had abundant gammacerane and considered also as a salinity marker [3'1, Gammacerane
(peak G, Figs. 7 a,b,c,d,e,f,g,h,iandj, see peak identificationin Table 4) is only detected, in
a relatively low amount, in the both Nkporo and Enugu source rock extract indicating input of
marine organic matterin different saline environments.

3.2.4. Oleanane

Low or absent oleanane concentrations are originally considered to be markers for marine
facies 321, Also, high oleanane concentrations are originally considered to be markers for ter-
rigenous facies 321, Figs. 7 a,b,c,d,e,f,g,h,i and j shows that oleanane (peak OLE, see peak
identification in Table 4) of the Nkporo and Enugu Shale extracts has very low concentrations,
both indicating contribution from marine sources [2°1. Oleananes are regarded as a reliable
marker forangiosperm; being significant constituents of wood, roots, and barkin Cretaceous
or younger effective source rocks in deltaic petroleum system [17:2434-371 There is the
presence of oleananesin both Nkporo and Enugu Formations which is an indication of organic
matter from higher land plants of Cretaceous or youngerage.
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3.2.5. Pentacyclic extended hopane

The unusually large amount of Css extended hopane seems to be associated with marine
carbonates or evaporites 381, High C3s/Cs4 ratios in the marine environment with a low redox
potential rather than with lithology as not all carbonate rocks have high Css concentration [39],
The concentration of Css extended hopane

(Figs. 7 a,b,c,d,e,f,g,h,iand j, see peak identification in Table 4) is more abundant in
Nkporo and Enugu Shale. Such results indicate the marine input of the Nkporo and Enugu
source rocks [381,

3.3. Hopanes and homohopanes

C29/C30 hopanes ratios are generally high (>1) in oils generated from organic rich car-
bonates and evaporate [4°1, The majority studied source rock samples, having lower concen-
trations of Casthan Csohopane, with low C29/Czohopane ratios, range from0.71 to 0.82 of the
Nkporo source rocks and 0.59 to 0.79 of Enugu source rocks (Table 4), These dataillustrate
that the shale samples might be sourced fromsource rocks rich in carbonaceous organic mat-
ters.

C29 and CsoaB-hopane occur in an appreciable amount in all the Nkporo and Enugu shale
samples, indicating a significant contribution of prokaryotic organisms (i.e., bacteria, cyano-
bacteria, and blue algae) to the source organic matter.

The regular steranes/17a (H)-hopanes ratio reflects the input of eukaryotic (mainly algae
and higher plants) versus prokaryotic (bacteria) organisms to the source rock 1), The
sterane/hopane ratio is relatively high in the marine organic matter, with values generally
approaching unity or even higher. In contrast, low steranes and sterane/hopane ratios are
more indicative of terrigenous and/or microbially reworked organic matter 411,

The sterane/hopane ratio values range from0.07-0.27 for the Nkporo Formation and 0.05-
0.32 forthe Enugu Shale (Table 3). This indicates that the studied source rock can be consid-
ered generated from terrigenous organic matter source. The ratio values (<0.6) according to
[32,42-43,1 indicative of the incorporation of the high level of bacterial inputs commonly associ-
ated with terrigenous organic matterin shales (non-marine organic matter). The appreciable
quantity of homohopanes (C31-C35) in all the samples suggest that bacteriohopanetetrol and
other polyfunctional C35 hopanoids; bacteriohopanepolyols, aminopolyols, etc. 441, common
in prokaryotic micro-organisms [45-461 were significant contributors to the biomass.

Table 3. Source, maturity and depositional environment parameters computed from the hopane and
homohopane distributions of Nkporo and Enugu Formations

Sample Mor- Hop/Hop Ts/Ts+ Sterane/ Cs3s5/Cs Ci9/C3¢ Ts/Tm Css/CxaBS Homo-
No tane/H +Mortane Tm Hopane Hopane Hopane Hopane hopane
opane

NKP/07 0.30 0.77 0.66 0.09 0.21 0.80 1.95 0.42 0.05
NKP/08 0.17 0.85 0.57 0.27 0.07 0.71 1.34 0.5 0.04
NKP/12 0.2 0.83 0.51 0.25 0.1 0.80 1.04 0.79 0.07
NKP/16 0.29 0.78 0.46 0.07 NIL 0.82 0.86 NIL NIL
NKP/17 0.32 0.76 0.54 nil NIL 0.74 1.19 NIL NIL
ENU/20 0.19 0.84 0.50 0.32 0.1 0.59 1.00 0.61 0.06
ENU/21 0.50 0.67 0.58 0.05 NIL 0.79 1.39 NIL NIL
ENU/24 0.41 0.71 0.48 0.07 NIL 0.71 0.94 NIL NIL
ENU/25 0.30 0.77 0.51 0.15 0.18 0.63 1.02 0.38 0.05

Mor/Hop = Moretane/Hopane (C30);, Hop/Hop + Mor = Hopane/Hopane + Moretane (C30)

C32HH = C32homohopane;
Sterane/Hopane=C27+C28+C29steranes/[(C29+C30)aphopane+(C31+C32+C33)aB(R+S)homohopane]
C35/C30 = C35aB(R+S) homohopane/ C30aB hopane + C30Ba moretane

Homohopane ratio ,C35/C34 aBS = C35aBS/C34aBS homohopane

Homohopane index = C35/ C31+C32+C33+C34+C35) aB(R+S) homohopane

The C35/Cs0 hopane ratio values range from 0.07 to 0.21 for the Nkporo Formation and 0.1

to 0.18 for Enugu Shale (Table 3), which reflects organic matter deposited in lacustrine envi-
ronments [*71, The homohopane ratio (C35aBS/C34aBS) range from 0.42 to 0.79 for the
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Nkporo Formation and 0.38 to 0.61 for the Enugu Shale. The homohopane index (C3s/Cs -
Css) range from 0.04 to 0.07 for the Nkporo Formation and 0.05 to 0.06 for Enugu Shale and
0.15 to 0.92 (Table 3). The low homohopane index of the samples indicates oxic condition
during organic matter deposition [17:39:47-48]1 Hopanes with ap epimers are more prominent in
all the samples while no BB-epimeris detected. Homohopanes ranging from C31-C35 showed
a notable predominance of the 22S overthe 22R epimer. These observations reflect the high

maturity status of the samples [17:49-50],
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Table 4. Peak identification of triterpenes (m/z 191) fragmentograms

Peak Compounds Peak Compounds
C19tri C19 tricyclic terpanes C30H 17a(H), 21B(H)-hopane Cso
C20tri C20 tricyclic terpanes MOR Moretane
C21tri C21 tricyclic terpanes C31HHS | 22S 17a (H), 21B(H)- 30-homohopane Cs;
C22tri C22 tricyclic terpanes C31HHR [ 22R 17a (H) ,21B(H)-30-homohopane Cj;
C23tri C23 tricyclic terpanes G Gammacerane
C24tri C24 tricyclic terpanes C32HHS 225 17a (H),21B (H)-30,31-bishomohopane Cs,
C25tri C25 tricyclic terpanes C32HHR [22R 17a(H), 21B(H)-30,31-bishomohopane Cs;
C24tetra C24 tetracyclic terpanes C33HHS [22S 17a(H) 21B(H)-30,31,32-trishomohopane Cs;
C26tri C26 tricyclic terpanes C33HHR [22R 17a(H),21B(H)-30,31,32-trishomohopane Cs;
Ts 18a(H)-22,29,30-trisnorneohopane Ts, C9 | C34HHS [22S 17a (H) ,21B (H)-30,31-bishomohopane C34
Tm 17a(H)-22,29,30 Trisnorhopane Tm, C,;| C34HHR |22R 17a(H), 21B(H)-30,31-bishomohopane Csj4
C29H 17a(H), 21B(H)-30- norhopane Cy C35HHS [22S 17a(H) 21B(H)-30,31,32-trishomohopane Css
NORMOR Normoretane C35HHR [22R 17a(H),21B(H)-30,31,32-trishomohopane Css
OLE Oleanane

The ratio of Ts/Tm - Ts (trisnorneohopane) to Tm (trisnorhopane) more than (0.5) increases
as the portion of shale in calcareous facies increases [?21, Also, this ratio was proved to be
useful in paleofacies predictions, though not as decisive as mature parameters. Van Grass [56!
stated that Ts/Tm ratios begin to decrease quite late during maturation, but Waples and
Machihara [3°] reported that Ts/Tm ratio does not appear to be appropriate for quantitative
estimation of maturity. The Ts/Tmratios range from0.86 to 1.95 for the Nkporo source rock,
while that of Enugu source rock range from0.94 to 1.39 (Table 3). These relatively high ratios
suggest that the studied source rocks were generated mainly from calcareous facies.
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The Moretane/Hopane, Hopane/Hopane + Moretaneand Ts/Ts + Tm, ratios for the Nkporo
Formation range from 0.17 t0 0.30; 0.77 t0 0.85 and 0.51 to 0.66 respectively, while that of
Enugu Shale ranges from 0.19to 0.50, 0.67 t0 0.84 and 0.48 to 0.58 respectively (Table 3).
These valuesindicate samples that are within the early oil window [17:32:471_ The abundance of
Css pentacyclic extended hopane seems to be associated with marine carbonates or evaporites 28],
However, Peters and Moldowan [3°1 preferto correlate high Css/ Cs4 ratios in the marine envi-
ronment with a low redox potential ratherthan with lithology as not all carbonate rocks have
high Css concentration. The concentration of Css extended hopane (Fig. 4, see peak identifica-
tionin Table 4) is more abundant in the Nkporo and Enugu Shale extracts. Such results indi-
cate the marine input of the Nkporo and Enugu source rocks 381, The C3s/C30 hopane ratio
values range from 0.42 to 0.79 for the Nkporo source rockand 0.38 to 0.61 for Enugu source
rock, which reflects organic matter deposited in marine environments [*7! (Table 3).The m/z
191 showing the distributions of polycyclic hydrocarbons, hopanes and homohopanes in the
samples are shown in Fig. 7 a,b,c,d,e,f,g,h,i and j of Nkporo and Enugu source rocks. Peak
identities are listed in Table 4.

3.4. Steranes

The occurrence of C27 to C29 steranes was detected in Nkporo and Enugu Shale samples
(Figs. 8 and 9). The sterane distributions for all the samples occur in the order of C29>C28>C27
(Table 5).
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Fig. 8. Ternary plot of C27, C28 and C29 Steranes distri- Fig. 9. Plot of 20S/20S+20R versus BB/aBp+
bution showing the environment of deposition of aaa of the Nkporo and Enugu source rock
Nkporo and Enugu Shale samples [17] samples

Table 5. Source, maturity and depositional environment parameters computed from the sterane distri-
butions of Nkporo and Enugu Formations

Sample %C27 %C28 %C29 %Diasterane/ 20S/20S+20R BB/BB+aaC29

No Sterane C29 Steranes Sterane
NKP/ 03 - - - - NIL NIL
NKP/07 39.1 22.4 38.5 1.19 0.38 0.53
NKP/08 29.8 31.3 38.9 0.32 0.4 0.49
NKP/12 39 27.1 33.9 0.82 0.38 0.53
NKP/16 35.9 30.9 33.2 2.55 0.38 0.59
NKP/17 39.8 24.9 35.3 1.47 0.35 0.53
ENU/20 30.2 32.1 37.7 0.41 0.44 0.52
ENU/21 30 30.3 39.7 1.47 0.32 0.45
ENU/24 32.9 24.6 42.5 1.05 0.4 0.52
ENU/25 27.5 32.2 40.3 0.35 0.44 0.51
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The predominance of C27 sterane over C29 sterane reflects a greater input of marine rela-
tive to terrestrial organic matter [17:47.51-531 The ternary plots of sterane distribution in (Fig. 8)
indicate organic matter derived from marine materials deposited in lacustrine settings [17:47,51,54],
This observation is supported by C27/C29 ratios (Table 4.7), which range from0.77 to 1.13
for the Nkporo samples and 0.68 to 0.80 for the Enugu samples [*71, The dominance of C30
steranes over dinosterol in these samples reflects typical marine source rocks [*71,

The 20S/20S+20R and aBp/appB+aaa Cye ratios range from 0.35 t0 0.38 and 0.49to0 0.59
for the Nkporo Formation, while that of Enugu Shale range from 0.32t0 0.44 and 0.45to
0.52 respectively (Table 5). These values show that the samples are mature and are within
the early oil generative window [*7471(Fig. 9).

3.4.1 Ratio of sterane to Pr/Ph

Conditions of the paleodepositional environment of the source rock were evaluated using a
graph of Cy7/ (C27+C2s) sterane versus Pr/Ph (Fig. 10a and b).

The Cy7/ (C27+Ca9) sterane versus Pr/Ph ratios ranges from 0.43 to 0.53 and 0.33 to 0.78
for the Nkporo Formation which indicate that the organic matter was deposited in a pelagic
and anoxic environment, while that of Enugu Shale ranges from0.41 to 0.44 and 0.65t0 0.76
which indicate that the organic matter was deposited in a coastal and anoxic environment [55]
(Fig. 4.57a and b).

The m/z 217 mass chromatograms showing the distribution of steranes and diasteranesin
all the samples are shown in Figs. 11 a,b,c,d,e,f,g,h and i. Peak identities are listed in Table 6.
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Table 6. Peak identification of Steranes and Diasteranes (m/z 217) fragmentograms

Peak Compounds Peak Compounds

1 20S 13B, 17a-diacholestane Cy; 12 20S 24-ethyl-13a,17B-diacholestane Cy

2 20R 133, 17a-diacholestane Cy; 13 20S 24-methyl-14a,17a-cholestane Cys

3 20S 13a,17B-diacholestane Cy; 14 20R 24-methyl-143,17B-cholestane Cys

4 20S 24-methyl-13B,17a-diacholestane Cys 15 24-methyl-14a,17a-cholestane Cys

5 20R 24-methyl-13B,17a-diacholestane Cas 16 20R 24-methyl-14a,17a-cholestane Cus

6 20R 24 methyl -133,17a-diacholestane Cs 17 20S 24-ethyl-14a,17B-cholestane Cy
20R 24 methyl -13a,17B-diacholestane Cys . . .

7 +20S 14a,17a cholestane Coy 18 20R 24-ethyl-143,17a-cholestane Cy
20S 24 ethyl -13B,17a-diacholestane Cyy + ) ) }

8 20R 148,17 cholestane Cs, 19 20S 24-ethyl-14B,17B-cholestane Cyo
20R 24 methyl -13a,17B-diacholestane Cys

9 + 20S 148,178 cholestane Csy 20 20R 24-ethyl-14a,17a-cholestane C29

10 20R 14a,17a-cholestane C,; Cso Cso sterane

11 20R 24-ethyl-13B,17a-diacholestane Cyy

5. Conclusion

The distributions of n-alkanes showed that Nkporo and Enugu samples were formed from
organic matter derived from both mixed organic sources and deposited in transitional envi-
ronments. The Pr/Ph ratios of samples from Nkporo and Enugu samples reflect organic matter
deposition under anoxic conditions marine. The presence of hopane, homohopane (C31-Css) in
all the samples showed that bacteriohopanetetrol and other polyfunctional Css hopanoids com-
mon in prokaryotic microorganisms have significant contributions to the organic matter. The
occurrence of oleanene isomers in Nkporo and Enugu samples favoured marine organic matter
deposited in lacustrine environment. In addition, the detection of gammaceranein Nkporo and
Enugu samples represents marine water stratification during organic matter source deposition.
The abundance of Cys Steranes and diasteranes in the samples indicate marine input of the
organic matter.
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Abstract

Sand production is the migration of formation materials (sand grains) triggered by the flow of
reservoir fluids. It is initiated when the failure of reservoir rock occurs around the perforation
and/or cavity openings. Subsequently, fluid flow thrust the loose sand grains into the borehole
causing problems ranging from reduced productivity to complete sanding up of the well. In this
study, sanding potential of unconsolidated sandstone reservoirs was assessed using three sanding
criteria developed by incorporating three well known failure criteria, i.e., Hoek-Brown, Murrell’s
Extension of Griffith and Mohr-Coulomb, into the general stability equation. Using these criteria,
the condition for sanding was formulated to be a minimum well flowing pressure at which sanding
is expected to occur. Therefore, sand production occurs if field well pressure is less than the pre-
dicted well pressure by these criteria. Results indicate that the three failure criteria give different
estimates of sanding potential of the studied wells. Hoek-Brown failure criterion predicted the
lowest well pressure for all the wells, while Mohr-Coulomb seems to be a bit conservative in terms
of the estimated well pressures. Similar trend and close estimate were observed between Murrell’s
extension of Griffith and Hoek-Brown failure criterion.

Keywords: Sand Production; Failure Criterion; Minimum well Pressure; Well-logs.

1. Introduction

Production of sand along with desired reservoir fluid is a common production challenge in
weakly consolidated to unconsolidated sandstone reservoirs which play host to around 70
percent of global oil production 71, Sand production is the migration of formation materials
(sand grains) triggered by the flow of reservoir fluids. It is initiated when the failure of reser-
voir rock occurs around the perforation, and fluid flow thrust the loose sand grains into the
borehole 31, Depletion of reservoir pressures induces borehole stresses, when the maximum
stress at the perforation or cavity opening exceeds the yield strength of the rock at the per-
foration or cavity opening, the formation rock fails in shearand sand production is initiated.

Associated problems with sand production include: plugging and eventual damage of pro-
duction and completion equipment, plugging of sand control devices, pipe erosion, ground
surface subsidence and environmental challenges of sand treatment and disposal [2¢1. Sanding
is a two stage phenomenon: reservoir rock formation must first fail and followed by transport
of formation materials by the flowing fluid.

The first stage is stress induced, and the flowing velocity caused the transportation of the
detached sands [251, Many techniques exist in the literature relating to sand production pre-
diction, a number of which are effective and are still currently being used in the industry. They
are based on parameters that indicate stress around an open cavity such as elastic and plastic
models and also numerical models that are anchored on finite element methods. Of paramount
importance is understanding and use of appropriate failure mechanism when developing a
model for predicting sand production [*5-161, Numerous works has been done on sand produc-
tion based on shear failure mechanism. Such works as Edwards, Sharma, and Charron [*21;
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Coates and Denoo °1; Edwards, Joranson, and Spurlin [**! used elastic, brittle failure model
to predict sand production, it is quite easy toimplement, but does not offer a realistic descrip-
tion of the formation (friable and loose). Other researchers used an elastic plastic material
model which gives a close description of the material behaviour. These models requires com-
putational efforts [2:9:21-22]

In using a shear failure mechanism to model sand production, it is good to take note that
the result of the model is largely dependent on the choice of failure criterion and yield enve-
lope.

For instance, modeling could be based on Mohr-Coulomb [9:121%1or Drucker-Prager yield
envelope [4-6:11/19.211 and their failure criteria based on any of the following;
¢ Maximum plastic yield zone size
e Maximum plastic strain
e Maximum stress

Using any of these could lead to different results even though they are all based on the
same triaxial test experimental data [2%:24], There exist other models based on tensile failure
mechanism, these include; Bratli & Risne 3! and Risnes, Bratli & Horsrud [23], the authors
used an assumed ideally plastic friction material to derive normalized pressure gradient. Ja-
vani, Aadnoy, Rastergarni, Nadimi, Aghighi & Maleki [*7], evaluated the effect of failure crite-
rion on solid production in an Iranian Carbonate reservoir rock by comparing estimated col-
lapse pressure predicted using Mohr-Coulomb and Mogi-Coulomb failure criteria. The results
show different estimations of the solid production potential of the studied reservoir. Therefore,
it is imperative to assess sanding potential of unconsolidated reservoir rocks using different
failure criteria when appropriate failure criterion cannot be assigned to a particular failure of
reservoir rocks under study.

2. Sand prediction models

The onset of sand production is the failure of intact rock; thus, if this can be predicted and
prevented, then sand production becomes no issue [*31, Therefore, the starting point for a
most predictive tool for predicting sanding potentials in unconsolidated sandstones is identi-
fying the stresses at the perforation cavity and failure prediction around the perforation cavity
or open hole. The stepwise process in the model development is listed as follows:

1. Identifying the in-situ stress magnitude.

2. Assessing the stress state at the borehole wall or perforation tunnel, having in mind the
orientation of the borehole.

3. Applying the appropriate failure criterion.

3. Failure Criteria

In this work, three well known failure criteria were used in estimating minimum well flow-
ing pressure during production to evaluate the potential for sand production in a vertical
wellbore drilled through a sandstone reservoir.

3.1. Hoek-Brown Failure Criterion

The Hoek-Brown failure criterion is an empirically derived failure criterion that describes
the non-linearincreasein peak strength of isotropic rock with increasing confining stress.
The original non-linear Hoek Brown failure expression forintact was introduced in 1980 as;

q=%+/mg%+sgz €))
where: o;-major principal stress; os-minor principal stress; Co- uniaxial compressive strength
of intact rock, m and S are dimensionless empirical constants.

To account for reservoirrocks that are no longer intact, Hoek Brown criterion was updated

in response to experience gained with its use and to address the practical limitation of friable
rocks 141, In achieving this, a generalized form of the criterion was reported in 1995 as follows;
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C

o

where: M - a term introduced to account for broken rock; a — empirical constant to account
for system's bias towards hard rock.

, , oy 0.5
0,/ =03’ +C,|M—+S (2)

3.2. Murrell’s extension of Griffith failure criterion

The original Griffith criterion is applicable to plane stressand plain strain casesbothin
tension and shear. The criterion is given as;
(0,'— 03')=—-8T, (0, + 03") 3)

In 1963 Murrell extended the Griffith theory to a three-dimensional case and the result
presented below:
(0,/—03")*=C,Q20, +075") @)

3.3. Mohr-Coulomb

The Mohr-Coulomb failure criterion is a common failure criterion used in most rock me-

chanics and formation engineering applications. The criterion is expressed as:
S,Cos6 ,(1 +sinb) .
1 — sin@ tos (1 —sind) ®)

As earlier mentioned, sand production fromshear dominated failure occurs when the max-
imum stress at the wellbore exceeds the yield strength of the formation. The two major
stresses in the borehole environment as presented by [*3! are the tangential stress and the
radial stress given below;

r_
oy =

o,'= (1 —a)R,, 6)
r=2 1-2vg (1+ v )P 7
0y’ = 20— a—— a ) Puy ™

Considering a common case of borehole failure when g, > 0, > g,, and taking tangential
stress (Eq. 7) to be the maximum stress at the borehole wall, stability occur when the stress
estimated by Eq. 7 is equal tothe one estimated by each of the aforementioned failure criteria.
i.e. Eq. 2, 4 & 5 written in cylindrical coordinates. That is;

For the Hoek-Brown failure criterion.
Substituting equation 6 for ¢,’ in each of equations (8a) and solving for well pressure, the

minmum well flowing pressure at failure is given below;
0.5

1-2v_ v , g’
20h(t)—aﬁp—(1+a1_v)ow=ar +CO[MC—O+S] (8a)
1-2v
If =n

1-v — —
(2—xn)?B,;* — B, [MC,(1-x) — 2(2—n) (x nP — 20,)] + (x nP — 20,)* — SC,> =0

Using the general quadratic equation given as Eq. 9:

b +vVb?—4ac
X =-- (9)
2a

a=2-xn)? ~
b=[MC,(1—x)— 2(2—xn)(x nP — 20,)]
¢ =(xnP —20,)*— SC,*

Let 2-xn)=R (xnP-20,)=Y (1-x)=U
Then;
a=R b=MC,U—2RY C=Y%-5C,?

Therefore, B, is given as;

—(MC,U —2RY) + JMCOU — 2RY2— 4R*(Y2 - SC,?)

Hoek-Brown material constant M and S were reported according to Hoek et al. [*4! as
GSI—100
M_m"exp<24—14D) D
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¢ (GSI — 100) 12
=exp\—5 35 _ o (12)

For Mohr-Coulomb failure criterion

) 1—21/13 (1+ v )P _ S,Cos6 N ,(1 + sinf) 8h
on— 4T T wr = 1 —sin@ Or (1 —sind) (8b)

Substituting equation 6 for g, in each of equations (8b) and solving for well pressure, the
minmum well flowing pressure at failure is given below;
20,(1—v)—a(1—-2v)P-C,(1—v) _[2=2v+2av— a(l + sinf)

1-v B (1—v)(1 - sinb)
3 [20,(1—=v)— aP(1 - 2v)—C,(1 —v)][1— sind]
wi ™ 2[1—v + av] + a(l + sind)
For Murrell’s Extension of Griffith failure criterion
1—-2v_ v , 2
(ZO'h—a - P-(1 +am)PWf —o, )
1-2v_ % ,
=Co[2(20h—0‘1_VP—(1+0‘1_V)ow)+Ur] (8¢c)

Substituting equation 6 for g, in each of equations (8c) and solving for well pressure, the
minmum well flowing pressure at failure is given below;

2 « a’vw
2———4?4+50xv(l —v)-xw—
1-v 1

]ow (13)

(14)

-V

— B,;* — [(2—xn)(40, — 2 x nP) + C,(1+x B)IR,;
+ (e nP + 203,)% - 2C,(20,—x nP) (16)
Applying the general quadratic equation
y = —bi\/b7—4ac —biVb7—4ac
2a

therefore, P, = Py = ”

where:

a’vw

2«
a=|2——+x?+5 xv(1l —v)—x w —
1-v 1

b= [(2—xn)(4o,—2 xnP) + C,(1+x B)]
¢ =(xnP + 20;,)? — 2C,(20, —xnP)

4. Estimate of input parameters

To apply the developed models proposed in the methodology, estimates of in-situ stresses,
minimum horizontal stress, average reservoir pressure, Poisson’s ratio, poro elastic constant,
uniaxial compressive strength together with the Hoek-Brown material constants are required.
Generally, the parameters consist of elastic and strength characteristics of the rocks as well
as the pore pressures. The details of the ideologies and correlations used in this work for
estimates of the aforementioned parameters is presented in Khaksar, Taylor, Fang, Kayes,
Salazar & Rahman [*81 and the output results are corresponding to each wells were only pre-
sented.

4.1. Case study

Five hypothetical data from Almisned [*! was used to investigate the potential for solid
production using different failure criteria. The data include different types of petrophysical logs
such as density log and sonic compressive and shear travel time (Table 1). The initial reservoir
pressure was given, and thefield imposed well pressure was set at 2000 psi. Fromthese logs,
using correlations from Khaksar et al. [*81, rock mechanical properties were estimated and
presented in Figures 1 & 2, the results serve as input data for the developed sanding criteria
models.
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Table 1. Input data for the cases studied

Case A Case B
- Log e Log
Initial Log compres- Log shear Initial Log compres- Log shear
Depth ; ) . bulk Depth . ) . bulk
(ft) Pressure sional time time density (t) Pressure sional time time density
(psia) (mic.sec/ft) (mic.sec/ft) (g/cm?) (psia) (mic.sec/ft) (mic.sec/ft) (g/cm?)
3000 2400 88 121 2.56 3000 2400 87 120 2.56
3250 2600 80 118 2.1 3250 2600 79 117 2.1
3500 2800 71 111 2 3500 2800 71 111 2
3750 3000 70 100 2.5 3750 3000 74 105 2.5
4000 3200 65 94 2.2 4000 3200 72 104 2.2
Case C Case D
Initial Log compres- Log shear Log Initial Log compres- Log shear Lo
Depth . | ti . bulk Depth . | ti . bulk
(ft) Pres;ure S|o_na time Flme density (ft) Pres;ure S|o_na time Flme density
(psia) (mic.sec/ft) (mic.sec/ft) (g/cm?) (psia) (mic.sec/ft) (mic.sec/ft) (g/cm?)
3000 2400 85 121 2.56 3000 2400 85 125 2.56
3250 2600 84 111 2.1 3250 2600 92 128 2.1
3500 2800 75 110 2 3500 2800 85 130 2
3750 3000 78 107 2.5 3750 3000 90 124 2.5
4000 3200 72 100 2.2 4000 3200 80 115 2.2
Case C
Initial Log compres- Log shear Lo
Depth p . | ti . bulk
(ft) ressure siona time _tlme density
(psia) (mic.sec/ft) (mic.sec/ft) (g/cm?)
3000 2400 90 134 2.56
3250 2600 100 130 2.1
3500 2800 85 131 2
3750 3000 90 127 2.5
3000 2400 90 134 2.56

6. Results and discussion

In investigating the potential for sand production for the cases presented, predicted mini-

mum well pressures from the three (3) failure criteria were compared to the field-imposed
well pressure since we assume that shear failure corresponds to the initiation of sand produc-
tion. Figures 1a & b shows the stress profiles for cases A to E, including the pore pressure
trends and the rock mechanical properties estimated.

From Figures 2a and b for cases A to E respectively, it can be observed that minimum well
pressure predicted by Mohr-Coulomb failure criterion is higher than the minimum well pres-
sures predicted by Hoek-Brown and Griffith failure criteria. This is in agreement with the re-
ported work of Javani et al. [*71, in which he reported the result of comparing critical collapse
pressure predicted from Mohr-Coulomb with Mogi-Coulomb predicted. Generally, from the
current study, the predicted minimum well pressure from Hoek-Brown and Murrell’s extension
of Griffith failure criterion compared favorably, even with field imposed well-pressure. They
both showed consistency and similar trends for all the cases analyzed, while minimum well
pressure predicted using the Mohr-Coulomb failure criterion is somewhat conservative in
terms of predictive accuracy.

Pet Coal (2018); 60(6): 11761186
ISSN 1337-7027 an open access journal

1180



Petroleum and Coal

Case A Case B
Rock Properties (psi) Rock Properties (psi)
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000
3000 3000 /0
3050
3100
3150 3200
3200
3250
3300
3350 3400
— 3400 =
4 .
£ 3450 =
< 3500 ) < 3600
2 3550 o3
0 3600 o
3650 3800
3700
3750
3800
3850 4000
3900
3950
4000 4200
—>—Pore Pressure =—#—Sy =& Sh ucs —>¥— Pore Pressure =—#—Sy =& Sh ucs
Case C CaseD
Rock Porperties (psi) Rcok Porperties (psi)
1000 2000 3000 4000 5000 1000 2000 3000 4000 5000
3000 . - & 3000 - &
3200 3200
3400 3400
€ )
S 3600 S 3600
o o
[)] []
[a] [a]
3800 3800
4000 4000
4200 4200
—®—Pore Pressure —®—Sy —®—Sh —®—UCS —®— Pore Pressure —®—Sy —®—Sh —®—UCS

Figure 1a Estimated mechanical properties of the case studies, pore pressure and stress profile
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The choice of failure criterion de-
pends on the ductility and brittleness

1000 2000 3000 4000 5000 of the reservoirrock under analysis. To
3000 - understand a failure phenomenon, a
specific and compatible criterion must
3200 be applied. While some rocks such as
f sandstone, fail in shear, others such as
3400 \ clay, fails as a result of plastic defor-
£ mation. However, the understanding of
< 3600 the ductility and brittleness or the
§ structural geology of such rock may
3800 ’ not be available when determining the
post drilling stability of reservoirrocks

4000 " prior to completion.
Numerous empirical criteria have
4200 been established to predict reservoir
rocks, and formation failure such are
—8—Pore Pressure —®—Sv —®—sh —®—UCS those employed in this study, but it is

Rock Properties (psi) essential to understand the physical

Figure 1b Estimated mechanical properties of the case and practical interpretation of these
E, pore pressure and stress profile criteria before they are been applied.

Mohr-Coulomb failure criterion offers a more conservative, easy to use and less complex cor-
relation with input parameters that can be easily estimated.

Case A CaseB
Critical Pressure (Psi)
0 1000 2000 3000 4000 Critical Pressure (Psi)
3000 0 1000 2000 3000 4000
3000
3200 3200
3400 3400
3
) £ 3600
[
3§_oo 8
(]
Q 3800
3800
4000 g
4000 4200
—®— Hoek-Brown Pwf  —@— Griffith Pwf —&— Hoek-Brown Pwf  —®— Griffith Pwf
4200 Field Well Pressure —®— Mohr-Coulomb Pwf Field Well Pressure —®— Mohr-Coulomb Pwf

Figure 2a. Predicted minimum well pressure using different failure criteria forcasesA and B
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But can only be used to account for the failure of intact rocks, Hoek-Brown failure criterion
can better describe the material quality of reservoir rocks at failure but with additional empir-
ical constants that accurately estimating them may pose a serious question. Mogi-Coulonmb
introduced a third stress parameterin terms of the intermediate stress which was assumed to
be negligible by the other two criteria but also introduced two new constants that make it
application complex. In other words, since the results of sanding prediction with different
failure criteria demonstrates different results, but generally show similar trends, it is proposed
that when the brittleness and ductility cannot be ascertained, different sand onset prediction
models should be used to predict sanding onset. This will allow the establishment of a stable
margin of operation that will not induce sand failure.

7. Conclusions

In this study, sand production criteria assuming shear failure as the dominant failure mech-
anism was developed using three (3) well known failure criteria. These criteria were used to
assess the potential for sand production in five hypothetical case studies. The condition for
sand production was formulated to be minimum well pressure at/or below which sand is to be
expected. From the results, minimum well pressures vary with the choice of failure criterion,
Hoek-Brown and Murrell's extension of Griffith failure criteria showed consistency and similar
trends while Mohr-Coulomb failure criterion predicted (conservative) higher minimum well
pressure at failure than the two other criteria. For best practice, it is proposed that sanding
onset predictive tools anchored on several failure criteria should be used to assess sand pro-
duction potential when the ductility and brittleness of the reservoir rock under analysis is not
known.

Nomenclature

m = material constant in Hoek — Brown criterion, dimensionless
M = material constant in Hoek — Brown criterion, dimensionless
m = material constant in Hoek — Brown criterion, dimensionless
S = material constant in Hoek — Brown criterion, dimensionless
C, = Rock Strength = Uniaxial compressive strength, m /Lt?, psi

T, = Rock Strength, m/Lt?, psi

UCS = Uniaxial compressive strength m/Lt?, psi

Pwf = bottom hole flowing pressure, m/Lt?, psi

= constant,dimensionless

= average reservoir pressure,m/Ltz,psi

= radial coordinate,L, ft

= coordinate, L, ft

coordinate, L, ft

= coordinate,L, ft

= Biot's constant, dimensionless

angle,dimensionless,radian

= Poisson’s ratio,dimensionless, fraction

pf = density of gas,m/L3 Ibm/ft3

o = total normal stress,m/Lt?,psi

o' = effective stress, m/Lt% psi

ol = maximum principal stress, m/Lt?,psi

02 = intermediate principal stress, m/Lt?, psi

03 = minimum principal stress,m/Lt?, psi

oh = total minimum horizontal stress, m/Lt?, psi

o'h = Sh= effective minimum horizontal stress,m/Lt? psi

oH = total maximum horizontal stress,m/Lt?, psi

o'H = effective maximum horizontal stress, m/Lt?, psi

or = total radial stress,m/Lt?, psi

o'r = effective radial stress, m/Lt?, psi

o'v =Sv = effective vertical stress, m/Lt?, psi

ox = total normal stress in x direction,m/Ltz, psi

o'x = effective normal stress in x direction, m/Lt?,psi
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oy = total normal stress in y direction, m/Lt?, psi
oz = total normal stress in z direction, m/Lt?, psi

o'z = effective normal stress in z direction, m/Lt?,psi

0'0 = effective tangential stress,m /Lt psi

a = empirical constant to account for system's bias towards hard rock
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Abstract

Porosity is a petrophysical property used for reservoir 3D modeling and prediction of production
scenarios for the purpose of economic decisions play an important role in field and reservoir
management. In this study, drilling data (logs) from 7 wells and geostatistical method including
sequential Gaussian simulation were used to predict porosity petrophysical property. Sequential
Gaussian simulation is widely used for porosity model construction since it is easily applied and is
flexible in real heterogeneous conditions. In this method, with the available data including values
and coordinates values of the same parameter in unknown points can be predicted. In Sequential
Gaussian method cells having certain values from petrophysical parameters are taken into
account. After, constructing reservoir structural model and analyses of petrophysical data,
simulations models for 5 reservoir units of Sarvak in the Kupal oil filed were established for porosity
with high precision. The results of this study showed that the applied method is highly accurate
and can be used based on computational methods to identify reservoir zones contains hydro -
carbon. The results of this study indicate that the concentration of petroleum in the layers 4 and
5 of Sarvak is higher than other formations and is suggested for the initial production, this
reservoir will be developed.

Keywords: Petrophysical Properties; Porosity,; Geostatistical method; sequential Gaussian simulation; Dezful Embay-
ment.

1. Introduction

The oil and gas industry is one of the industries in which Geostatistics is rapidly becoming
epidemic and has grown rapidly. One of the causes of this rapid growth is the nature of the
reservoir data. Petrophysical data of the reservoirs, such as porosity and permeability, are
those data that have a spatial correlation in the reservoir space and in the field of geostatic
shows the spatial structure, and these are the same types of variables that the Geostatistics
relates to. On the other hand, due to the low reservoirs data compared to reservoir volume,
the reservoir engineers have always sought to find a method for estimating the spatial distri-
bution of petrophysical parameters in the reservoir space [*1, Along with all the advan-tages
of the Geostatistics estimation than the other statistical methods, Geostatistics estimations
like the other methods of estimating, are based on the averaging method. This led engineers
to find new methods. These methods express a quantitative spatial distribution of petrophys-
ical parameters in a probable space. Thus, after gridding the reservoir, for each block, a range
?f] data is created, and several probable facts are simulated for each petro-physical parameter
2

The introduction of geostatistics has revolutionized the modeling of oil reservoirs. Many
people have examined the use of geostatistics in reservoir modeling. George Matron is one of
the pioneers in the use of geostatistics for modeling. The basis of his work is modeling based
on variogram. Models based on variograms are divided into two categories 31,
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The first category is definitive models that include estimation methods like consecutive
Kriging and sequential Kriging. These estimation methods are geostatistical, which yields a
model for each variograph, resulting in deterministic models due to estimation methods 4,

The second group is called probabilistic models. The basis of these models is simulation
methods. In simulation methods, several models are obtained by using a variogram, for this
reason, simulation models yield probabilistic models. Since the mid-1990s, simulation models
have been developedin the petroleumindustry. Simulated models have anomalous properties
of petroleum reservoirs 31, Since the mid-1990s, 3D seismic data has been used as a secon-
dary parameter in estimating and simulating reservoir parameters 51, Three-dimensional
seismic data were obtained by means of sequential estimation or simulation methods. Until
today, these methods provide an optimal model of the static parameters of the reservoir [¢1. Over
the past 30 years, the development of geostatistical methods and the development of various
software, has led to changesin reservoir engineering and the estimation or simulation of
reservoir parameters. In this study, the petrophysical parameter of porosity is estimated using
a sequential Gaussian simulation method (a geostatistical method) in Kupal oil fields.

2. Geological settings

Sarvak formation has expanded in Fars, Khuzestan, and Lurestan 71, In Bangestan Anticline
(section type) Sarvak formation having a thickness of more than 830mhas been noticed which
consists of medium to thick layers and massive fossiliferous limestones. Kupal oil field is lo-
cated in the Dezful embayment (Figure 1).

Y
N

T
3560000

Figure 1. Located of Kupal oil field in Dezful embayment, Zagros, Iran

This oil field is located in Khuzestan provinces in the south west of Iran. Theirlower limits
(Albian-Cenomanian) are gradational and conformable fromthe Kazhdomi formation, and the
upper limit has been distinguished from Ilam formation in Kupal oil field B, The boundary
between Sarvak and Ilam Formation is the disconformities that determine some areas by
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breccia or conglomerates [°1. Disconformities between Sarvak and overlies Formation indicates
some part of middle Cretaceous epirogenic activities in the Zagros. Lithostratigraphical colurmn
of Sarvak Formation has been controlled by Austrian tectonic activities, but variation aggrad-
ations pattern of Sarvak Formation depends on the rate of subsidence in the sedimentary
basin. Sarvak Formation was deposited on the passive margin which existedin the east of the
Arabian craton throughout much of the Mesozoic [®1. This passive margin was generally cov-
ered by shallow waters. However, a number of deeper-water intra shelf basins had been
formed during the Cretaceous %], The thickness of the Sarvak Formation in the studied oil
field is including two major facies (Benthic and pelagic). The Benthic facies includes a massive
limestone containing algae, echinoderms, rudists, Gastropods, and Orbitolina. The pelagic de-
posits contain abundant Oligostegina. Pelagic facies in Sarvak Formation changes to benthic
facies, which relates to Austrian movement [*], Lateral and vertical variations in stratigraphic
thicknesses in Zagros area can be related to the presence of locale faults in the Zagros Basin
that effect in rates of sedimentation with lower rates of deposition in the basin.

3. Material and methods

Data fromwelllogs and seismic data in petroleum researches are considered as the primary
data and main parameters. In this study, dataof 7 wells and part of seismic data have been
used. The location of the wells in relation to the position of the data is shown in Figure 2, In
this study, by using multivariate statistics methods, neutron logs, and density, total porosity
was obtained, and the resulting total porosity values are used as well parameter values for
use in the correlations. The histogram obtained from the total porosity of the wells in the
studied area is shown in Figure 3.
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Figure 3. Cumulative histogram of porosity
model derived from well logging data in Kupal
oil field

Figure 2. Position of wells No.3, 4, 25, 33, 37, 48 and
52, in the studied oil field

4. Definition of reservoir geometry and gridding

After entering data and creating Ischore Map Logs, in the second stage, it is time to build
a construction model. At this stage, a geocell network is created proportional to the dimensions
of the field. This network as the main framework of the model allows for the simultaneous
examination and integration of structural data and petrophysical properties for the creation of
realistic models, and when making petrophysical modeling, it causes the defined petrophysical
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parameters for each well, can be extended to the entire reservoir. At this stage, where the
reservoir is divided into a cellular network in which all properties of each cell, including
petrophysical and lithological properties are the same in whole volume, and according to the
distance between the networks and the amount of data, the same properties in cells without
data, can be estimated. The dimensions of the network are 500*500, and the number of
reservoir cells are 1620060, which are considered along X and Y directions. (Figures4 and 5).

After making the horizons at the time of layering, these blocks are separated in depth or Z
direction.
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Figure 4. A view of created cellular network in Figure 5. A view of the created horizons in the cellular
Kupal oil field. network

5. Data analysis and variography

In the third step, the data obtained from petrophysical logs by scale up and analyzing data,
Variography are ready to convert into a 3D model [*21, Scale up means attribution of logs
recorded values to blocks of the three-dimensional network where its log information is available [*31,
The Scale up the logs is necessary to distribute each one in each cell for use in modeling and
generalizing these properties to the entire grid network. Given that, each cell can only have
one value; the log values should be averaging. There are many techniques for averaging [*41,
This is called the Scale up welllogs. The data are processedin the variography stage, and the
variograms are plotted (Figure 6). Property modeling is usually used for inherent properties
of a parameter. A variogram is a tool for describing these inherent properties [*51, In other
words, variogramis used as a method of analyzing and describing these spatial changes based
on the principle that samples close together are more similar than samples far from each other [14],
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Figure 6. Variography model in the main-horizontal direction for porosity logs in zone 5
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The modeling of reservoir porosity was carried out using the output of the variography
stage by a consecutive Gaussian simulation method. Porosity values for different zones are
givenin Table (1).

Table.1 Average porosity foe each zona of Sarvak formation, Kupal oil field.

Zone Average porosity Thickness (m)
1 5.5 65
2 4 243
3 4.5 132
4 6.5 140
5 7 70

6. Discussion and results

Due to its simplicity and flexibility in generating real heterogeneities, sequential Gaussian
simulation is widely used for modeling. The steps of performing a sequential simulation include
5 steps. These steps include conversion of main data to a new space; variogram modeling in
new space; determination of a stochastic route in order to visit all of the places lacking sample;
estimation of places without a sample in an alternate way and finally reversed conversion of
simulated values (Figure 7).

Geostatistical simulation is a technique for producing data compatible with a regional
variable. The main feature of the simulation data is that it can create a histogram and
modifying the real data space.
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Figure 7. 3D modeling of porosity in Kupal oil field
7. Conclusion

The use of sequential Gaussian simulation (SGS) method is one of the common methods
for determining petrophysical parameters. This method showed that simulation methods in
caseswhere theinitial data is less than the reservoir space are a suitable method for creating
data in the space between the wells. In the simulation, decision-making it is not based on a
simulated model, but based on the sum of simulated values, the probability of occurrence of
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each reality is determined. Of course, it should be noted that sometimes, the goal is to
determine the operational risk in petroleum production planning. In these cases, it is neces-
sary to select the best and worst of all simulated models, and in order to reduce the risk of
operation, modeling of the reservoir is based on these two models. In this study, data of 7
wells have been used. For better modelling of reservoir properties, it is better to use more
wells or to extend themin to the entire reservoir .The results of the porosity parameter for
each zone are presented separately. According to these results, the concentration of petroleum
in Layers 4 and 5 of Sarvak is higher than other zones, and it is suggested for the initial
production, this reservoir will be developed
The average porosities are about 5.5% and for each zone is 5.5%, 4%, 4.5%, 6.5% and

7% in the Sarvak respectively.
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Abstract

This work proposes the use of data division and if statements in a programming language, as an
effective classifier in Artificial Neural Network. The Standing and Katz chart was digitized to obtain
input (pseudo reduced temperature and pressure) and output (gas compressibility factor) data
points, which was used in developing the artificial neural network. A total of 114,120 input data
points and 57,060 output data points were used. The dataset was divided into 4 groups, and each
of the groups was assigned a neural network that corresponds to the value range of the grouped
data using a Matlab nnet tool box.

Keywords: gas compressibility factor; artificial neural network; natural gas; gas correlation; Matlab.

1. Introduction

Fluid properties are determined from the laboratory using applicable experimental proce-
dures, with the aim of analyzing samples to meet conditions of interest. The unavailability of
these samples brings rise to the use of empirical correlations. The determination of accurate
compressibility factor is of great importance in the industry. This parameter has been a tool in
determining the deviation of real gas from ideal behaviour. A compressibility factoris a useful
toolin various engineering applications, which include; designing pipelines, gas flow rates, the
design of oil and gas separators, gas reserves estimation, etc. According to Cengel and Boles [},
the principle of corresponding states indicates that all gases, when compared at the same
reduced pressure (Ppr) and reduced temperature (Tpr), have approximately the same com-
pressibility factor. The development of the general EOS and the elaboration of general exper-
imental charts expressed in terms of the reduced properties were based on this principle.
Standing and Katz [?1 developed a chart for the compressibility factor and pseudo reduced
properties (temperature and pressure) which is an industry standard. Other correlations exist
and each of which shows better prediction at specific ranges of pseudo reduced temperatures.

Katz et al. B1developed a chart of compressibility factor in terms of pseudo reduced prop-
erties for natural gases at pressures of 10,000 to 20,000psia. The chart displays a high level
of linearity, which makes prediction less complex without the need for multiple data points
selection across the pseudo reduced temperature curves.

Kamyab et al. 141 worked on digitizing the Standing-Katz and Katz compressibility chart to
obtain input and output data, in which artificial neural network was used as a tool in predicting
the output of compressibility factor. In their project, a two-hidden-layer feed forward network
was designed and trained with back-propagation supervised learning. They developed a
methodology to obtain z-factors for Natural Hydrocarbon Gases using Artificial Neural
Networks (ANN). Data obtained directly from the Standing-Katz and Katz compressibility
charts were used to train several topologies of ANN. The input parameters in the ANN are the
pseudo-reduced pressure and temperature, and the output is the z-factor. Two of the
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successful networks have two hidden layers. The first ANN uses five neurons in each hidden
layer and the second ANN uses ten neurons in each hidden layer (called 2-5-5-1 and 2-10-
10-1 networks respectively). These topologies were trained with the data from the charts
using a back-propagation training algorithm. This work had a limitation in understanding the
level of accuracy of artificial neural networks as a predictive tool for complex datasets.

Beggs and Brill 51 developed a correlation for the determination of compressibility factor
which is given below as:

Z=A+(1-Ae"+CR. (1), where:
A =139 (T,,—0.92)5-0.36T,, — 0.101 (2)
_ _ 0.066 \ 2 0.32 6
B = (0.62—0.23T,, )P, + [(Tpr_o_%) 0.037] B+ Loy Bor (3)
€ = (0.132 — 0.32logT,, (4)
D= 100.3106—0.49Tpr+0.1824T5T (5)

Dranchuk and Abou-Kassem [¢ldeveloped their equation for the determination of the cormpres-
sibility factor as follows;

Z =1+ Cy(Tp) 2oy + Co(Tor )0p = Cs(Tor) Py + Ca (0 Tpr) (6), where:
Ppr = 0.27% (7)

C,(T,) = AL + A, Tt + AT 2+ AT+ AT, (8)

Co(Ty) =Ag + A;T,, + AgT,? (9)

C5(Tyr) = Ag[A; T+ ATy (10)

Cy (Pperr) = A;o(1+ A11p12:r) (X pcy (11)

The constants Al through A11 are as follows: A1 = 0.3265; A2 = -1.07; A3 = -0.5339;
A4 = 0.01569; A5 =-0.05165; A6 = 0.5475; A7 = -0.7361; A8 =0.1844; A9 = 0.1056;
A10 = 0.6134; A1l = 0.721 They used Newton’s method to determine the solution of the
above equations.

2. Artificial neural network

Artificial Neural Networks are simulators,
which work on the basis of the human nerv-
ous system to carry out certain tasks like
classification, pattern recognition, etc. The
artificial neurons present in the network lies
in constitutive layers of the network. Layers
are linked to the next by specific weights
(w). One of the most practical structures of
the Artificial Neural Network is Multi-Layer

R Legn Hiddon Leyer el Perceptron (MLP) (Fig. 1) in which the input
Fig. 1 Structure of an Artificial Neural Net- 2and output layers are connected to each
work other by an additional layer called hidden layer.

This structure was adapted in the course of this work. Each input is multiplied by its corre-
sponding weights. Weights carry the information needed by the neural network to solve a
problem and also represent the strength of the interconnection between neurons inside the
neural network.

Activation functions are set to serve as a transfer function used to get the desired output.
There are linear as well as the non-linear activation function. Some of the commonly used
activation function is - binary, sigmoidal (linear) and tan hyperbolic sigmoidal functions (non-
linear).The structure of an Artificial Neural Network is given in Fig. 3.
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3. Proposed approach

The Standing and Katz chart data has been read directly from a scanned figure of the
original plot drawn by Standing and Katz in 1951.The software used in digitizing the chart and
obtaining the dataset was GraphClick. According to Rakap et al. 7} this software has been
tested and qualified to be able to digitize charts. Each one of the pseudo-reduced temperature
curves from Standing and Katz chart was beendigitized #], some curves needed more points
(Fig. 4) to describe the curvature better while other curves are almost linear and fewer
points(Fig. 5) were necessary to define the curve. It should also be noted the need for data
uniformity in the distribution of data points, so as to enable the neural network to to
understand the data progression pattern.

1 R=0.99987 . : R=0.99999

w
h = wn
8 3
S L
* +
2 s
8 S
v &
'I- -~
¥ !
2 g
3 3
06} o

0.4 06 o8 1 12 14 16
Target

086 )£ 1 1.2 14
Target

Fig 2. Regression plot for outputs derived Fig. 3. Regression plot for outputs derived
from 1.05<TPr<1.2 from 1.5<Tpr<2.0

The human nervous system works as a transmitter of information which perceives, inter-
prets and transmits information to targetsorgans in the human body. A key fact that should
be noted is that the information been perceived and interpreted are later classified (during the
interpretation phase) before been transmitted to target organs, which optimizes the effective-
ness of the nervous systemin transmitting information. Classification in this context means
allocating information to be transmitted to a particulartarget organ for execution depending
on the information perceived. Artificial Neural Network works on this base principle, and the
importance of data classification/grouping should always be noted especially when dealing
with large datasets, as it increases the effectivenessin prediction.

This work made use of the Nnet toolbox in Matlab software to develop the needed Neural
Networks using the back propagation algorithm. The Neural network assumed a total number
of 30 hidden layers, using 99% data for training, 0.5% for Testing and 0.5% for validation.
The dataset has 2 input data columns and 1 output data column, having a matrix of 57,060 x
2 and 57,060 x 1 respectively. The dataset was divided into 4 groups with the aim of devel-
oping a neural network for each group of dataset divided. The development of an individual
neural network for each grouped data was to reduce the complexity in determining the output
variables, in this case, the compressibility factor. Each of the Neural networks covered the
ranges of pseudo reduced temperature values 1.05< Tpr< 1.2, 1.2 < Tpr< 1.5, 1.5 < Tpr
< 2.0and 2.0 < Tpr < 3.0 respectively, at Pseudo, reduced pressures of 0.5< Ppr < 5.5.

This work proposes the use of “If Statements” in programming the desired neural network
as a predictive tool for the compressibility factor when the Input data; Pseudo reduced pres-
sure and temperature are provided. The results were compared with other existing correlations
and showed an overall outstanding performance (Tables 1-5).
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Table 1. Compressibility factors at different Tpr=1.2 using various correlations

. . Dranchuk-
Standing and . Kamyab et al. Beggs & Brill
Ppr Katy This approach [4] [51] Aboul[<6a]ssem
0.5 0.8930 0.8960 0.8953923 0.9026461 0.8950631
1.5 0.657 0.6573 0.6607512 0.6758659 0.6532419
2.5 0.519 0.5196 0.5179963 0.4977865 0.5180675
3.5 0.565 0.5663 0.5676801 0.5605500 0.5631805
4.5 0.650 0.6499 0.6492856 0.6589953 0.6501377
5.5 0.741 0.7406 0.7424365 0.7567099 0.7453363
Table 2. Compressibility factors at different Tpr=1.3 using various correlations
. . Dranchuk-
Ppr Standing and This approach Kamy?4b] etal. Begg?St]& Brill Aboukassem
Katz [6]
0.5 0.916 0.9182 0.9196115 0.9266436 0.9203019
1.5 0.756 0.7584 0.7567070 0.7675523 0.7543694
2.5 0.638 0.6399 0.6394479 0.6526911 0.6377871
3.5 0.633 0.6329 0.6341957 0.6234648 0.6339351
4.5 0.684 0.6832 0.6857549 0.6921991 0.6898314
5.5 0.759 0.7604 0.7611212 0.7779095 0.7663247
Table 3. Compressibility factors at different Tpr=1.5 using various correlations
. . Dranchuk-
Standing and . Kamyab et al. Beggs & Brill
Ppr Katy This approach [4] [5] Aboul[<6a]ssem
0.5 0.948 0.9493 0.9508509 0.9555248 0.9509373
1.5 0.859 0.8592 0.8607096 0.8618306 0.8593144
2.5 0.794 0.7974 0.7940885 0.7945385 0.7929993
3.5 0.770 0.7694 0.7685691 0.7691830 0.7710525
4.5 0.790 0.7910 0.7867923 0.7828753 0.7896224
5.5 0.836 0.8344 0.8323518 0.8248905 0.8331893
Table 4. Compressibility factors at different Tpr=2.0 using various correlations
. . Dranchuk-
Ppr Standing and This approach Kamy?‘g et al. Begg?SZ]i Brill Aboukassem
Katz [61
0.5 0.982 0.9837 0.9839990 0.9853337 0.9824731
1.5 0.956 0.9575 0.9572277 0.9629020 0.9551087
2.5 0.941 0.9406 0.9414698 0.9471826 0.9400752
3.5 0.937 0.9365 0.9352303 0.9471826 0.9385273
4.5 0.945 0.9437 0.9453140 0.9404180 0.9497137
5. 0.969 0.9686 0.9693022 0.9443010 0.9715388
Table 5. Compressibility factors at different Tpr=3.0 using various correlations
. . Dranchuk-
Ppr Standing and This approach Kamy?‘g et al. Beggis% Brill Aboukassem
Katz [6]
0.5 1.002 1.0036 1.0028553 1.0040392 0.9984498
1.5 1.009 1.0102 1.0095269 0.9514557 0.9995529
2.5 1.018 1.0187 1.0179196 0.7082371 1.0061111
3.5 1.029 1.0292 1.0286167 0.1399229 1.0176846
4.5 1.041 1.0412 1.0412701 -0.8897010 1.0336417
5.5 1.056 1.0570 1.0563968 -2.5178952 1.0532809
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4. Results

The Matlab software produced 4 regression plots which contained the Mean Square error
and Root Mean Square error of the individual Neural Network developed. The mean square
error gives the squared mean deviation of the output data (actual value) fromthe target data
(estimated value). The closer the mean square error value is to zero, the more accurate and
the lesserthe error of the estimated value. The root means square error measures how much
error there is between two data sets, in other words, it compares an estimated value and the
actual value. The R-squared value is an indicator of how well the model fits the data. An R-
square close to 1 indicates that the model accounts for almost all the variability in the data.
The first Neural Network for data group 1.05 < Tpr < 1.2 (Fig. 2), had a mean square error
of 0.0016 and a root mean square error of 0.99987. The second Neural Network for data group
1.2 < Tpr=< 1.5 (Fig.4) had a mean square error of 0.000081, and a root mean square error
of 1.0000. The third Neural Network for data group of 1.5 < Tpr < 2.0 (Fig.3) had a mean
square error of 0.00003, and a root mean square error of 0.99999 and the last Neural Network

fordata group 2.0 < Tpr < 3.0 (Fig. 5) had a mean square error of 0.000011 and a root mean
square error of 1.0000.

:Re=1

o

5

% Z,
gl -3
Target ) G5 1 1.06 1.16 12 1.26 1.96
Target
Fig 4. Regression plot for outputs derived Fig. 5. Regression plot outputs derived from
from 1.2<Tpr<1.5 2.0<Tpr<3.0

The average absolute error (mean square error), was determined using the following for-
mula
MAE = =3V, - V| (12)
where:V,= estimated value; V,= actual value; MAE = mean absolute error.

The mean absolute error determination gives the deviation of the estimated output data
from the actual output data. The lower the value of this error, the higher the precision. This
was determined for all the correlations used in the comparison and proved this approach to
have the least mean absolute error of about 0.00111. The value of the mean square error
proves the precision of this approach to other methods and can be seenin Table 6.

Table 6. Average absolute errors

This approach Kamayab et al. [4] Beggs & Brill [®] Dranchuk-Aboukassem €]
0.00111 0.00281249 0.233375273 0.0033042

The data obtained fromthis method was compared with existing correlations like; Begs and
Brill, Dranchuk-Aboukassem®land Kamyab et al. [41. These correlations were proven by pre-
vious research to have a high degree of accuracy in the determination of the compressibility.
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The test data used for this comparison was derived from previous literature that proved
these correlations to have a high level of accuracy. The comparisons were made and given
below in the table of values (Tables 1-5).

5. Conclusion

The values derived from this approach proved to be better than existing methods. This
approach has justified the uniqueness and accuracy of Artificial Neural Network in data anal-
ysis and pattern recognition, especially in data division. The theory fromthis approach canbe
deployed in computer based applications to give precision in the determination of the compres-
sibility factor.

Nomenclature
P - pressure, psia T -temperature, R
P. -critical pressure, psia T, -critical temperature, R
P, -pseudo-reduced pressure T, -pseudo-reduced temperature
py- density of gas, Ibryft3 z -gas compressibility factor

ppr-Pseudo-reduced density
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Abstract

Resins obtained from the phenolic fraction of coal tar have been synthesized by the method of formal-
dehyde condensation polymerization. The phenol-cresol-formaldehyde resins have been derived from
the following types of starting materials: a wide phenolic fraction, narrow fractions sampled before and
after 185 °C (fraction: IBP - 185 and 185 — EBP °C) coupled with the so called raw (technical) phenols
that had been separated from these fractions.

The capability of utilizing resins obtained as a modifier of distilled (residual) and oxidized petroleum
road bitumens has been determined. It has been shown that adding these resins increases the soften-
ing point and essentially boosts the adhesion of petroleum-based bitumens for roads.

Keywords: bitumen; phenol; cresol; formaldehyde,; bitumen modifier.

1. Introduction

Data in 2011 [*1 say that yearly about 102 million tons of bitumen are consumed worldwide.
Nearly 85 % of all the bitumen is used as a binder in various types of paving asphalt: pave-
ments for pedestrians and roads, airports, etc. [*-21, Thus, more than 90 % of 5.2 million km
of European motorways are estimated 3! to be covered with the asphalt whose main binder
while produced is petroleum-derived bitumen for roads.

While utilizing road bitumens, a number of problems arise. However, the most acute prob-
lem is insufficiently high stiffness and adhesive properties of finished bitumens (even if they
achieve high standards of regulations) [*-2],

One of the most promising directions in raising the quality of binders as to produce road
surfaces with good performances is their modification with polymeric materials [t 241,

For the modification of road bitumens, thermoplastic elastomers (primarily, block copoly-
mers of the SBS type styrene) account for the largest use due to their ability not only to
increase bitumen strength, but also to make a polymer-bitumen blend more elastic, including
at low temperatures, as well as increase the adhesion of bitumen to the mineral material. The
content of such polymers in modified bitumen may reach 3-10 % by weight [1-51,

The main drawback that reduces the growth rate of the production of bitumens modified
by thermoplastic elastomers is their high costs (1.5 — 2.5 times higher than the cost of un-
modified bitumens) [*-21, Therefore, it is important to search forinexpensive substances that
would improve bitumen performance - foremost, adhesive properties.

In the past years there have been studies into the development of relatively cheap and
effective modifiers of petroleum-derived bitumens from liquid products of the coal carboniza-
tion at the Department of Chemical Technology of Oil and Gas Processing of Lviv National
Polytechnic University [2-6-91,

Phenol-formaldehyde resins are known [12:10. 111 tg he quite effective modifiers of petro-
leum bitumens. But these pure phenol resins were not widely used as polymer modifiers and
this also relates, primarily, to their high cost. On the other hand, one of the products of coking
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plants is a phenolic fraction of coal tar with a core portion of phenols and cresols (approx-
mately 65 %) concentrated in it and that are formed during the carbonization process. The
price of the phenolic fraction of coal tar, which normally contains more than 30 % by phenol
weight and its derivatives, is 35-40 times lower than the cost of synthetic phenol [*2],

In this regard, this paper aims to open up the possibility for developing phenol-cresol-
formaldehyde resins from the wide phenolic fraction (WPhF), narrow fractions sampled before
and after 185°C (fraction: IBP — 185°C and 185 - EBP°C) and raw phenol separated from
these fractions. Besides, the paper seeks to determine whether modifying residual and oxi-
dized petroleumbitumens for roads that are derived from phenol-cresol-formaldehyde resins
is appropriate.

2. Experimental

The wide phenolic fraction (WPhF) was sampled at Zaporizhkoks PJSC for investigations.
The WPhF characteristic is given in Table 1. For the purpose of concentration (separation) of
phenol and cresols, the WPhF was divided into two fractions, an initial boiling point (IBP - ~
92°C) - 185 and 185 and end boiling point (EBP ~ 211°C)°C (the boiling point of phenol is
182°C, of cresols - 191-202°C). Table 1 lists the characteristic of fractions derived. The mass
balance of distillation is shown in Table 2.

Table 1. Characteristics of a starting material

Values Procedure*

Indexes e phgnollc Fraction IBP -  Fraction 185 -

fraction 1850C EBPOC

(WPhF)
Distillation (oC):
Initial boiling point 105 92 172
10 % distilled at the temperature 164 147 177
20 % distilled at the temperature 172 156 179
30 % distilled at the temperature 174 161 181
40 % distilled at the temperature 177 166 183
50 % distilled at the temperature 179 169 184 GOST 2177
60 % distilled at the temperature 182 172 187
70 % distilled at the temperature 185 174 190
80 % distilled at the temperature 197 181 200
90 % distilled at the temperature 202 184 206
95 % distilled at the temperature 208 189 211
Molecular weight 136 108 167 -
Bromine number (g Br2/100 g 81.64 81.28 75 84 GOST 8997-89

product)

*GOST - Ukrainian national standards

Table 2. Mass balance of the WPhF distillation.

Article Yield by weight, %
Fraction IBP - 185 °C (phenol concentrate) 50.60
Fraction 185 - EBP °C (cresols concentrate) 46.77
Distillation residue 2.63

Total 100.00

Phenol and its derivatives hereinafter called raw (technical) phenols - RPh1, RPh2 and RPh3
- were separated from the WPhF, the fraction IBP - 185 and the fraction 185 - EBP°C by
using a 20% NaOH solution. The removal of phenols with the solution of NaOH was based on
the fact that phenol and its derivatives formwater-soluble phenolates. The latter were made
into phenols by using the concentrated hydrochloric acid. The yield of raw phenols with the
WPhF, the fraction IBP — 185 and the fraction 185 - EBP°C accounted for 32.3, 32.0 and
35.1 % wt, respectively.
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The resins were derived from initial fractions and those raw phenols that were obtained
from them by the method of formaldehyde condensation polymerization.
The scheme of the research is given in Figure 1.

Polycondensation . Wide phenolic fraction : Removal of «raw» [
with formaldehyde |—! (WPhF) —> phenols  |—» RPhL 1
"PhCR-F1 i | [ Distillation | Residue - Polycondensation

with formaldehyde

_____ L

[ ________ [ ____________ [ ________ \ L PACR-F2 |
Polycondensation Removal of «raw» || Removal of «raw» Polycondensation
with formaldehyde phenols phenols with formaldehyde
" PhCR-F3 1 " "RPh2 i " "RPh3 | " PRCR-F5 1
Polycondensation Polycondensation

with formaldehyde

with formaldehyde

. PhCR-F4 |

v

i PhCR- F6

Figure 1. Scheme ofthe research: PhCR-F - phenol-cresol-formaldehyde resin; RPh — raw (technical)

phenols

The process of formaldehyde condensation
polymerization of phenols was carried out on
the laboratory facility for synthesis that is de-
picted in Figure 2. The raw material was
placed in a three-pipe reactor and heated
while stirring at 100°Cin a thermostat. Then,
a necessary amount of formalin (a weight
content of formaldehyde in formalin equaled
37 %) was added along with a concentrated
hydrochloric acid (catalyst), followed by re-
cording the start of the process that was done
for 60 s. As the synthesis is over, a hot reac-
tion mixture, obtained fromraw phenols, was
poured into a glass. After cooling the mixture,
an aqueous phase was drained and the resin
was exposed to the 3-hourdrying in a vacuum
dryer at 100°C. When the WPhF was used as
the starting material, the fraction IBP - 185
and the fraction 185 - EBP°C, at first there
was the distillation of water and unreacted

Figure 2. Laboratory facility for the synthesis of
phenol-cresol-formaldehyde resins: 1 - three-
pipe reactor; 2 - refrigerator; 3 — mixer; 4 — ther-
mometer; 5 - separation funnel; 6 — thermostat

constituents carried out under vacuum. After that the resulting resin was dried some more in
the vacuumdryer for 3 hours at 100°C. The yield of the resins obtained was determined by
the weighing of the starting material and the phenol-cresol-formaldehyde resins (PhCR-F).
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In order to obtain PMBs, the distillate (residual) petroleum-derived bitumen for roads of
the BD 60/90 grade and the BND 60/90 oxidized petroleum-derived bitumen for roads were
utilized. The BD 60/90 distillate (residual) petroleum road bitumen was selected at the road
maintenance department of Frankivsk region (Lviv city) with its main characteristics given in
Table 3.

Table 3. Main characteristics of the BD 60/90 distillate road bitumen

Index BD 60/90 Stansd;/rgdoio*r BD Procedure*
Penetration at 25°C 80 61-90 GOST 11501
(mx10-%)
Softening point (ball & 43 44-52 GOST 11506
ring method) (°C)
Ductility at 25°C >100 >100 GOST 11505
(mx1072)

DSTUB V.2.7 - 81
Adhesion to glass (%) 60 >20 with supplement ac-

cording to point 8.6
DSTU 4044-2001

*DSTU and GOST - Ukrainian national standards
** bitumen according to SOU 45.2-00018112-069:2011

The oxidized petroleum-derived road bitumen of the BND 60/90 grade was sampled at
Ukrtatnafta PIJSC (the city of Kremechuk) with its main characteristics shown in Table 4.

Table 4. Main characteristics of the BND 60/90 oxidized road bitumen

Index BD 60/90 Standard for BD Procedure*
60/90**

Penetration at 25°C GOST 11501

(mx10-4) 70 61-90

Softening point (ball & ) GOST 11506

ring method) (°C) 46 47-33

Ductility at 25°C GOST 11505

(mx10°-2) 63 >55

Adhesion to glass (%) DSTUB V.2.7 - 81

with supplement ac-
cording to point 8.6
DSTU 4044-2001

47 non standardized

*DSTU and GOST - Ukrainian national standards
** bitumen according to SOU 45.2-00018112-069:2011

The PMB has been prepared by virtue of mixing in the following sequence: a necessary
amount of bitumen was heated while stirring (Re = 1200) to the temperature of modification.
Then with a required amount of the modifier added, it was sustained for 1 hour.

3. Results and discussion

Novolac phenol-cresol-formaldehyde resins were obtained according to the scheme given
in Figure 1 by the method of formaldehyde condensation polymerization with the WPhF, the
fraction IBP — 185 C and the fraction 185 - EBP°C and from the raw phenols extracted from
these fractions. Synthesis conditions for the resins were set out on the basis of [*31 and are
shown in Table 5. As recommended by [*3], the obtaining of novolac phenol-formaldehyde
resins requires maintaining the mole ratio of phenol to formaldehyde at 1.12 - 1.42, while for
novolac cresol-formaldehyde resins it should equal 2.27. Considering that the raw phenols
that were derived from the phenolic fraction of coal tar contain both phenols and cresols at
various ratios, the syntheses were done at the mole ratio of raw phenols to formaldehydes at
the value of 1.42. For calculations of reactorloading, it was assumed that the molar mass of
the resulting raw phenols was 94.1 g/mole, which is equal to the molecular weight of pure
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phenol. The effect of the ratio of reaction constituents on the production of resin will be looked
into in further studies.

Table 5. Synthesis conditions for PhCR-F

Parameter Value
*Mole ratio of raw phenols to formaldehyde 1.42
Weight ratio of raw phenols to formalin (formaldehyde content in formalin — 37% wt) 1.78
Catalyst weight content (concentrated HCI), % by raw phenols 1.0
Temperature, °C 100
Process duration, min 60

*The molar mass of raw phenols was proposed to be 94.1 g/mol.
The mass balance for the obtaining of phenol-cresol-formaldehyde resins is given in Table 6.

Table 6. Mass balances involved in syntheses for the obtaining of PhCR-F

Article PhCR-F1 PhCR-F2 PhCR-F3 PhCR-F4 PhCR-F5 PhCR-F6
Loaded
1. Starting material WPhF RPh1  fr. IBP-185°C RPh2 fr. 185-EBP °C RPh3
g 100.00 32.30 50.60 16.19 46.80 16. 43
% wt to be loaded 84.42 63.64 84.54 63.64 83.30 63.64
wt for a frond-end fraction 10.001! 32.30! 100.002 32.002 100.003 35.103
% wt for WPhF 100.00 32.30 50.60 16.19 46.80 16.43
2. Formalin
g 18.13 18.13 9.09 9.09 9.22 9.22
% wt to be loaded 15.31 35.72 15.19 35.72 16.41 35.72
% wt for a frond-end fraction 18.131 18.131 17.962 17.962 19.703 19.703
% wt for WPhF 18.13 18.13 9.09 9.09 9.22 9.22
3. Concentrated HCI
g 0.32 0.32 0.16 0.16 0.16 0.16
% wt to be loaded 0.27 0.64 0.27 0.64 0.29 0.64
% wt for a frond-end fraction 0.321! 0.321! 0.322 0.322 0.353 0.353
% wt for WPhF 0.32 0.32 0.16 0.16 0.16 0.16
Total, g 118.45 50.75 59.85 25.44 56.18 25.81
Results
1. Tar
g 18.20 29.65 8.20 13.20 9,03 14.39
% wt to be loaded 15.36 58.42 13.70 51.87 16,08 55.75
% wt for a front-end fraction 18.20'  29.65! 16.207 26.082 19.303 30.753
% wt for WPhF 18.20 29.65 8.20 13.20 9.03 14.39
2. Water and unreacted components
g 100.25 21.10 51.65 12.25 47,15 11,42
% wt to be loaded 84.64 41.58 86.30 48.13 83.92 44.25
% wt for a front-end fraction 100.25!  2.10! 102.082 24.202 100.753 24.403
% wt for WPhF 100.25 21.10 51.65 12.25 47.15 11.42
Total, g 118.45 50.75 59.85 25.44 56.18 25.81

for the wide phenolic fraction (WPhF); ?for the fraction IBP - 185°C; 3for the fraction 185 - EBP°C

When the concentrated phenols (raw phenols) are used in the act of synthesis, the yield is
observed to be higher while loading the reactor (almost fourfold increase: 51.9 - 58.4% wt
against 13.7 - 16.1% wt) and for the initial fraction (nearly 2 times higher: 26.1- 30.8% wt
against 16.2- 18.2% wt). So, for the obtaining of effective modifiers of petroleum bitumens,
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it is mostly appropriate to carry out the synthesis not with the use of the coal tar phenolic
fraction but with the raw phenols being separated fromthis tar.

Additionally, it is counterproductive to break up the WPhF with two narrower factions. This
is explained by that using RPh1 as the starting material produces 29.65% of the resin yield
(calculated per WPhF) whereas the total resin yield if two raw phenols - RPh2 and RPh3 - are
used appears to be lower: 13.20 + 14.39 = 27.59%.

From then on, in order to specify a temperature for bitumen modification, the BD 60/90
residual bitumen was modified with PhCR-F3 and PhCR-F4 resins derived directly from IBP -
185°C and RPh2 raw phenol, respectively, at 110°C and 190 °C temperatures. It can be stated
that mechanical mixing of bitumen components occurs at 110°C while at 190°C physical and
chemical interactions between them are likely to be. Characteristics of bitumen-polymer
blends obtained are givenin Table 7.

Table 7. Preparation conditions and main characteristics of obtained PMBs

Modification temperature, °C
(modifier content in PMB - 2.4 % wt)

Index BD 60/90 PhCR-F3 PhCR-F4
110 190 110 190

Penetration at 25 °C (mx10%) 80 78 75 - 62

Penetration decline, % - 2.5 6.3 - 22.5

Softening point (ball &

ring method) (°C) 43 44 46 - 47

Softening point increase, % - 2.3 7.0 - 9.3

Ductility at 25 °C (mx10?) >100 >100 >100 - >100

Adhesion to glass (%) 60 83 82 - 88

£/:crease in adhesion to glass, _ 38.3 36.7 _ 46.7

Homogeneity non Sftandard_homogeneoushomogeneous not homogeneous
ized homogeneous

Based on the data of Table 7, it can be suggested that the addition of synthesized PhCR-
F3 and PhCR-F4 (except for the case of 110°C and PhCR-F4) into bitumen leads to an increase
in the softening point and, especially, in the adhesion of residual petroleum bitumen. The
modification of petroleum bitumen with PhCR-F3 can be done at both 110°C and 190°C. In
comparison, with PhCR-F4 - at 190°C as 110°C produces modified bitumen that does not
meet requirements of homogeneity. Mixing at 190°C makes it possible to increase the soften-
ing point to a greater extent. It follows from mentioned above that further modification of
petroleum-based bitumens with phenol-cresol-formaldehyde resins that were obtained from
the coal tar phenolic fraction was decided to be made at 190°C.

A comparison of main characteristics of obtained bitumen-polymer blends is shown in Ta-
ble 8. Table 8 shows that adding all the obtained resins essentially improves the adhesive
properties of bitumen. The data outlined in Table 8 indicate that the addition of the BD 60/90
resins synthesized from raw phenol (PhCR-F2, PhCR-F4 and PhCR-F6) gives rise to a larger
increase in the softening point and adhesion compared to the ones synthesized fromthe WPhF,
fraction IBP - 185, 185 - EBP°C (PhCR-F1, PhCR-F3 and PhCR-F5), but more increasingly
reduces the plasticity (penetration) of the BD 60/90 residual bitumen.

With an increased content of cresols in the starting material (PhCR-F5 and PhCR-F6) com-
pared to PhCR-F3 and PhCR-F4, the obtained modified bitumen possesses better adhesive
properties (95 - 96 % against 82— 88 %, see Table 8). Nevertheless, the use of raw phenols
produced from the WPhF allows almost the same adhesive properties to be obtained and the
softening point to be raised as when PhCR-F5 and PhCR-F6 are used.
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Table 8. Preparation conditions and main characteristics of obtained PMBs

BD 60/90 Modified bitumen at 190°C (modifier content in PMB - 2.4 % wt)

Index
PhCR-F1 PhCR-F2 PhCR-F3 PhCR-F4 PhCR-F5 PhCR-F6

Penetration at 25°C

(mx10-%) 80 75 65 75 62 74 70
Penetration decline, % - 6.3 18.8 6.3 22.5 7.5 12.5
Softening point

(ball & ring method) 43 44 46 46 47 45 46
(°C)

Softening point in- - 2.3 7.0 7.0 9.3 4.7 7.0
crease, %

Ductility at 25 °C

(mx10°?) >100 >100 >100 >100 >100 >100 >100
Adhesion to glass (%) 60 87 94 82 88 95 96
Increase in adhesion to - 45.0 56.7 36.7 46.7 58.3 60.0
glass, %

Hom ogeneity non standardized homoge- homoge- homoge- homoge- homoge- homoge-

neous neous neous neous neous neous

Consequently, this resultsin:
- higher yield of resin if raw phenols are used for its synthesis;
— slightly better characteristics of resin-modified bitumens, which contain more cresols
(PhCR-F2, PhCR-F5 and PhCR-F6);
—lack of appropriatenessto break up the WPhF with two narrow fractions.
—distilled road bitumens should be preferably modified with PhCR-F2.
To confirmthe possibility of modifying the resulting resins as well as the oxidized bitumens
coupled with the ability to compare the effectiveness of modifying the oxidized and residual
bitumens, Table 9 shows the main characteristics of these PhCR-F2 modified bitumens.

Table 9. Comparison of main characteristics between residual and oxidized PhCR-F2 modified bitumens

BD 60/90 + BND 60/90 +
Index BD 60/90 PhCR-F2 BND 60/90 PhCR-F2

(2,4 % wt) (2,4 % wt)
Penetration at 25°C (mx104) 80 65 70 60
Penetration dedline, % - 18.8 - 14.3
Softening point
(ball & ring method) (°C) 43 46 46 49
Softening point increase, % - 7.0 - 6.5
Ductility at 25°C (mx107?) >100 >100 63 25
Adhesion to glass (%) 60 94 47 97
Increase in adhesion to glass, % - 56.7 - 106.4
Homogeneity non standardized homogeneous non standardized homogeneous

Supported by data given in Table 9, it may be argued that the modification with PhCR-F2
resin raises the softening point of both distilled and oxidized road bitumens by 3°C. For the
distilled bitumen, the adhesive properties of PMBs are increased by 56.7% (from 60 to 94 ),
while the oxidized one exhibits an increase of 106.4% (from 47 to 97%). This indicates that
the resin obtained can also be utilized as adhesive additives in particular for the oxidized
bitumens.

4. Conclusions

1. By the distillation method, the wide phenolic fraction of coal tar sampled at Zaporizhkoks
PJSC was separatedinto two ones, IBP (the initial boiling point — ~92°C) - 185 and 185 -
EBP°C (the end boiling point ~211°C). Fromthe wide phenolic fraction and narrow fractions
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that were derived by using 20% NaOH solution, raw phenols were extracted, yielding 32.3%
wt, 32.0% wt and 35.1% wt, respectively, for the initial and narrow fractions.

2. Novolac phenol-cresol-formaldehyde resins were produced by the method of formaldehyde
condensation polymerization and from the wide phenolic fraction, fraction IBP - 185 and
185 - EBP°C and from the raw phenols extracted fromthese fractions. The results achieved
show that the use of raw phenols as the starting material is the most advisable for the
synthesis of resins as this allows the resin yield to be increased nearly fourfold while loading
the reactor (from13.7 - 16.1% wt to 51.9 - 58.4% wt, respectively).

3. Modification of petroleum-derived road bitumens should be performed with phenol-cresol-
formaldehyde resin that was obtained fromraw phenols, extracted from the wide phenolic
fraction of coal tar. It is counterproductive for the obtaining of resin to break up the wide
phenolic fraction with phenol concentrate (fraction IBP — 185°C) and concentrate of cresols
(185 - EBP°C).

4. It has been observed that with a content of 2.4% by weight of phenol-cresol-formaldehyde

resins in distilled (residual) and oxidized petroleum-derived road bitumens, there is an in-

crease of 3°C in the softening point and adhesive properties for the distilled bitumen by

56.7% (from 60 to 94%), for the oxidized one - by 106, 4 (from47 to 97 ).
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Abstract

This paper presents the physicochemical and oxidative thermal properties of new lignite coals from
Obomkpa (BMK), Thioma (IHM), and Ogboligbo (OGB) in Nigeria. Furthermore, the microstructural
and mineralogical properties of the coals were examined in the study. The results revealed high
compositions of carbon (C), hydrogen (H), oxygen (O) and sulphur (S) but low nitrogen (N) for all
samples. The highest values of C (50.4 wt.%), H (5.62 wt.%), HHV (19.66 MJ/kg) and the lowest
O (42.45 wt.%) were observed in BMK. However, IHM exhibited the highest volatile matter (69.5
wt.%) and lowest fixed carbon (23.3 wt.%); whereas the lowest ash (1.03 wt.% ) and moisture
(3.12 wt.%) were observed in OGB. The microstructure analysis revealed Al, C, Ca, Fe, K, O, S,
Si, and Ti although K and Ca were undetected in IHM and OGB. Thermal analysis revealed a mass
loss of 75.7% for BMK, and 79.4% for IHM, and 56.2% for OGB. The DTG plots revealed two
distinct regions for drying and devolatilization during coal thermal degradation. The temperature
profile characteristics (TPC) revealed IHM is the most reactive compared to BMK and OGB. Overall,
the results indicated that IHM is suited for gasification, BMK for combustion, and OGB for pyrolysis.

Keywords: Fuel Characterization; Combustion Characteristics; Lignite; Coal; Nigeria.

1. Introduction

Coal is one of the most abundant and accessible fossil-based fuels worldwide [*1, Currently,
coal accounts for over 35% of global electricity generation and by extension the world’s energy
mix. Over the years, this widely distributed resource has contributed significantly to socio-
economic growth and development as witnessed in India and China. Against this backdrop,
many analysts posit that coal has the potential to supply most of the world’s growing energy
demand particularly in developing countries with large deposits. In recent years, various stud-
ies have reported on the discovery of large deposits and the potential of various low -rank
coals (LRC) in Nigeria 261, The findings indicate that despite growing attention, coal mining
in Nigeria has dwindled fromits peak of 925,000 tonnes in 1958 to below 20,000 tonnes today 3.
Furthermore, the studies report that Nigeria holds 640 million tonnes of proven reserves and
2.8 billion tonnes of provisional reserves located across the nation’s sedimentary basin 71,
The rank classification of Nigerian coals consists of 39% bituminous, 49% subbituminous, and
12% lignite 51, currently utilized in cement, iron and steel manufacturing.

However, the contribution of coal to Nigeria’s electricity generation remains insignificant 31,
As a result, Nigeria’s drive forindustrialisation has been stunted by the current energy crises
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and inability to exploit the large coal deposits for electricity generation [5-61, This is partly due
to limited data on the thermochemical fuel characteristics of lignites as required for the design
and operation of coal-fired power plants. Even so, various studies have examined the geological ©10],
petrographic [**-131, and mineralogical [*4-16] properties of selected Nigerian coals. However,
the reviewed literature is limited to the geochemical and mineralogical properties of Nigerian
coals and its potential environmental impacts. Other studies including Sonibare et al., 7],
Ryemshak and Jauro 2], and Chukwu et al. 5], have examined the thermal and power gener-
ation properties of sub-bituminous and bituminous Nigerian coals. However, there are limited
studies on the thermal, kinetic, thermodynamic and rheological fuel properties of lignites,
typically utilised for electricity generation through pulverised coal combustion [*81, This shows
there is an urgent need to examine and highlight the fuel properties of Nigeria’s abundant
lignite reserves for future power generation.

Therefore, this study will present an in-depth analysis on the physicochemical, microstruc-
tural, mineralogical, and thermal properties of Obomkpa (BMK), Ihioma (IHM), and Ogboligbo
(OGB) lignites from Delta, Imo, and Kogi States, respectively. It is envisaged that the findings
will avail engineers and policymakers with empirical data for power generation, greenhouse
gas (GHG) emissions and life cycle analyses.

2. Experimental

The lignite coals examined in this study were acquired in rock form from Obomkpa in Ani-
ocha-North, Thioma in Orlu, and Ogboligbo in Igalamela-Odolu located in Delta, Imo, and Kogi
States of Nigeria, respectively. The samples were subsequently labelled; BMK (Obomkpa),
IHM (Thioma) and OGB (Ogboligbo) before pulverisation and sieving into 250 ym sized parti-
cles for characterisation. The coal preparation procedures are described in our previous study 9],
Next, the fuel characteristics of the pulverised coals were characterised by physicochemical,
functional group, microstructural, mineralogical, and thermal analyses.

The physicochemical analyses were performed to determine the elemental, proximate, and
calorific properties of the coals. The elemental analysis was performed using the CHNS elemental
analyser (Model: vario MICRO Cube, Germany) according to the ASTM standard D5291-16. The
proximate analysis was performed by thermogravimetric analysis (TGA) according to the pro-
cedures describedin the literature [2°1, Lastly, the calorific analysis was determined by bomb
calorimetry based on the procedures described in ASTM D2015 for the IKA C2000 (Bomb
calorimeter, USA).

The functional group compositions of the samples were determined by Fourier transform
infrared-attenuated transform reflectance (FTIR-ATR) spectroscopy (Model: Shimadzu Pres-
tige 21, Japan). During each test, a small amount of each coal sample was placed in the ZnSe
prism plate and scanned with the detector to acquire FTIR spectra from4000 - 600 cm'* based
on Happ-Genzel Apodization. Each sample was subjected to 20 scans at 8 cm™ resolution for
a total runtime of five (5) seconds. After the analysis was completed, ATR correction was
applied to the spectra before plotting the raw data in transmittance (T %).

The microstructural and mineralogical analyses were performed by SEM/EDX (scanning
electron microscopy-energy dispersive x-ray) microscopy. The SEM microscope (Model: JEOL-
JSM IT 300 LV, Germany) equipped with an EDX detector was used to examine the micro-
structure and mineral composition of the coals. Before each test, the samples were sputter
coated with platinum using the Quorum Q150R S apparatus. Next, the samples were placed
in the SEM/EDX analyser operating at 20 kV, the working distance of 5 mm, and magnification
of x1000. The SEM images were subsequently examined on the AZTEC EDX software (Oxford
Instruments, UK) and the mineral composition determined by point ID and mapping. The
resulting mineral compositions were reported in weight per cent (wt.%).

The thermal analysis was determined by thermogravimetric analysis (TGA) under non-isother-
mal oxidative conditions. The TG runs involved heating approximately 18 mg of sample in an
alumina crucible from 30°C to 900°C by employing a dynamic heating rate of 50°C/min to simu-
late flash combustion. During each test, the TG analyser (Model: Shimadzu TG-50, Japan) was
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purged with air at a flow rate of 20 mL/min to ensure an oxidative atmosphere. At the end of
the process, the raw (.tad) data was retrieved and analysed to determine the mass loss (%) and
derivative mass loss (%/min) for the samples which were plotted as TGand DTG, respectively.
Based on the TG-DTGdata, the temperature profile characteristics (TPC) for the flash com-
bustion of the coals were examined. The examined TPCs were onset or ignition ( Tons), midpoint
(Tmia), maximum decomposition (Tmax), and burnout ( Tor) temperatures, along with the mass
loss (M., %), mass loss rate (Miz, %/min) and residual mass (Rv, %). The descriptions of the
TPC and the procedures for determining the terms are presented in our previous study [€1,

3. Results and discussion

This section presents the physicochemical propetties, functional group analysis (FTIR), micro-
structural and mineralogical properties (SEM/EDX), thermal degradation properties (TGA-DTG),
and temperature profile characteristics (TPCs) of the coal samples.

3.1. Physicochemical fuel properties

Table 1 presents the physicochemical fuel properties of the coals based on ultimate, proximate
and calorific analyses. As observed, the ultimate (elemental) analysis revealed high composi-
tions of C, H, O and S but low N content. BMK exhibited the highest composition of C, and H
but the lowest O whereas OGB exhibited the lowest composition of C and H. The proximate
analysis revealed high compositions of VM and FC but low M and ash as observed in Table 1.
The highest and lowest compositions of VM was observed in IHM and OGB, respectively. How-
ever, OGB contained the highest FC and the lowest was observed in IHM. The highest ash content
was observed in BMK and the lowest in OGB.

Table 1. Physicochemical properties of BMK, IHM, and OGB

Analyses Element Symbol BMK IHM 0GB
Carbon C (wt. %) 50.38 46.80 37.48
Hydrogen H (wt. %) 5.62 5.39 3.51
Ultimate Nitrogen N (wt. %) 0.59 0.64 0.80
Sulphur S (wt. %) 0.96 1.52 2.33
Oxygen O (wt. %) 42.45 45.64 55.88
Moisture M (wt. %) 3.63 4.75 3.12
Proximate Volatiles VM (wt. %) 58.05 69.52 51.43
Ash A (wt. %) 11.73 2.43 1.03
Fixed Carbon FC (wt. %) 26.61 23.30 44.41
Heating Value Higher Value HHV (MJ/kg) 19.66 19.40 15.55

Lastly, the calorific analysis revealed BMK has the highest energy content based on the
HHV of 19.66 MJ]/kg compared to 19.40 MJ/kg for IHM and 15.55 MJ/kg of OGB. The HHV
variation is due to the high compositions of C, H and low O in the BMK coal compared to the
othersamples. The findings also indicate that BMK has the highest energy recovery potential
compared to IHM and OGB coals. Hence, the coals can be classified as brown or lignite, low
ranked coals (LRC) with potential for electric power generation or cement manufacture.

3.2. Functional group properties

The functional group composition of the coal samples was determined by FTIR-ATR spec-
troscopy as presentedin the spectrain Figure 1. As observed, the spectra revealed several peaks
for stretching vibrational intensities which ranged from 4000 - 600 cm! during the analyses.
The results reveal that the largest stretching vibrations were in the high-frequency region
(4000 - 1450 cm*), compared to the fingerprint region (1450 - 600 cm'*). Based on the spectra,
the stretching vibrations in the region 4000 - 3800 cm can be ascribed to the rotational
vibrations of O-H groups present in water vapour. This confirms the presence of moisture in
the structure of the coals examined in this study. However, the sharp peaks observed in the region
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3800 - 3500 cm! and the medium to weak peaks in the regions 1300 - 1400 cm* and 1200 -
1000 cm! are eitherdue to free or H bonded O-H groups.
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Figure 1. FTIR spectra of Nigerian lignite coals

Furthermore, the pair of medium to weak peaks the region 3000 — 2800 cm'* are due to the
deformation or rocking effects of —-CHs, —CH, and C-H aliphatic groups of alkanes. However,
the strong peaks in the range 2300 - 2200 cm'* can be due to the -C=C- or —-C=N- groups
in alkynes. However, the medium peaks in the same region may be due to -N=C=0, -N=C=S
or N=C=N groups. The medium to strong peaks at 1500 cm'! and 1600 cm! could be due to
—-C=C- groups found in arenes.

In general, the FTIR-ATR results indicate OGB coal has the most intense peaks followed by
IHM and BMK. Lastly, thefindings indicate that the chemical structure of the coals is complex
and could be due tothe presence of alkane, alkene, arene, and aromatic functional groups. How-
ever, furtheranalyses are required to elucidate the chemical structure of the coals.

3.3. Microstructural and mineralogical properties

The microstructural and mineralogical properties of the coals were determined by SEM/EDX
analyses, as presented in Figures 2-4(a) and 2-4(b), respectively.
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Figure 2 (a) (b). SEM/EDX Spectra for BMK
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Figure 4 (a) (b). SEM/EDX Spectra for OGB

The results indicate that BMK, IHM, and OGB contain a range of fine to coarse-grained
particles in their microstructures. In particular, the morphology of BMK is characterised by
small-sized particles which appear scattered in clusters or agglomerates on the sample sur-
face. However, OGBis characterised by layers of small particlesin its microstructure. Lastly,
IHM is comprised of coarse-grained particles characterised by a distinct lustre which may be
due to the metal elements present in its structure. To verify this, the mineral composition of
the coals was examined by EDX as presented in weight percentages (wt.%) in Table 2.

Table 2. Mineral composition of Nigerian lignite coals BMK, IHM, and OGB

Element Symbol Bl il e
(wt. %) (wt. %) (wt. %)
Carbon C 67.79 65.01 58.15
Oxygen (0] 24.17 27.88 30.66
Aluminium Al 0.97 2.73 0.88
Silicon Si 6.10 3.08 9.01
Sulphur S 0.38 0.88 0.60
Potassium K 0.07 ND ND
Calcium Ca 0.04 ND ND
Titanium Ti 0.30 0.13 0.36
Iron Fe 0.18 0.28 0.34

As observed in Table 2, the coal samples examined in this study contain both metal and
non-metal elements; C, O, Al, Si, S, K, Ca, Ti, and Fe, although Kand Ca were not detected (ND)
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in IHM and OGB. In comparison, the most abundant elements presentin the coals were C, O,
Si whereas the least abundant elements were Tiand Fe. Based on the results, the highest C
was observed in BMK, followed by IHM and OGB. However, the presence of O was in the order
BMK < IHM < OGB which accounts for the higher heating value (HHV) of BMK compared to
IHM and OGB as presented in Table 1. The Siwas in the order IHM <BMK < OGB. The presence
of Si typically in free crystalline form is indicative of the presence of SiO. (quartz) in the
structure of the coals. Lastly, the elements S and Al are also present in the coals with the highest
compositionsin IHM.

3.4. Thermal and degradation behaviour

The thermal degradation behaviour and temperature profile characteristics (TPCs) of the
coals were also examined as presented in the TG-DTGplots in Figures 5 and 6.
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Figure 5. TG Plots for flash combustion of BMK, Figure 6. DTG Plots for flash combustion of BMK,
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As observed in Figure 5, the thermal analysis resulted in a significant mass loss or thermal
degradation as evident in the downward sloping plots in Figure 5. Furthermore, the TG plots
revealed that the highest degradation occurred in IHM compared to BMK and OGB. Hence,
IHM is more reactive compared to BMK and OGB, under the conditions examined in this study.
However, the lowest thermal reactivity or degradation was observed for OGB as evident in its
TG plot which plateaus at 43.80%. The high reactivity of IHM may be ascribed to its higher
volatiles (VM) and fixed carbon (FC) contents compared to OGB as reported in Table 1. There-
fore, the VM and FC are responsible for the temperature profile characteristics (TPC) and
thermal reactivity during TGA. To further examine this, the TPCs were deduced fromthe TG-
DTG plots using the Shimadzu TA-60 Workstation, as presented in Tables 3 and 4.

The degradation mechanism for the flash combustion of the coals was further examined
from the DTG plots in Figure 6. As observed, the TG analysis resulted in two distinct regions
of thermal degradation. The first region, characterised by the small peaks observed below
200°C, can be ascribed to the loss of moisture and low molecular weight volatile compounds.
However, the second region occurred at 200°C - 750°C for OGB and 200°C - 850°C for both
BMK and IHM during TG analysis. The mass loss (M, %) in this stage can be ascribed to the
loss of high molecular weight or volatile compounds resulting in ash formation due to the
oxidative nature of the process. As a result, thefinal or residual mass (Rw, %) of the process
are representative of the ash that could potentially result from the flash combustion of BMK,
IHM, and OGB under flash conditions. The resulting values for M, % and the Ru, % foreach
coalis presentedin Table 3.

3.5. Temperature profile characteristics (TPC)

The TPCs forthe TG is presentedin Table 3, and Table 4 presents the TPCsfromthe DTG
plots. The TPCs examined in this study are; onset or ignition (Tons), midpoint (Tmis), burnout
(Torr) temperatures, along with the mass loss (M., %) and residual mass (Rv, %). The results
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revealed that theignition (Tons) temperatures ranged from246.18°C (IHM) to 269.69°C (BMK)
or an average of 256.68°C. This indicates that IHM undergoes thermal degradation or devo-
latilization earlier than BMK and OGB (254.16°C). Thisis due to the high VM content of IHM
(69.52 wt.%) compared to BMK (58.05 wt.%) and OGB (51.43 wt.%).

Table 3. TG Temperature Profiles Characteristics of BMK, IHM, OGB

Coal Onset temper- Midpoint tem- Burnout tem- Mass loss Residual mass
Sample ature perature perature (ML, %) (Rm, %)
(Tons, °C) (Tmid, °C) (Torr, °C)
BMK 269.69 479.68 614.35 75.67 24.33
IHM 246.18 453.98 587.86 79.37 20.63
0GB 254.16 474.17 689.14 56.19 43.81

The midpoint (Tmis) temperatures ranged from 453.98°C to 479.68°C for IHM and BMK,
respectively. However, the burnout (7o) temperatures were between 587.86°C and 689.14°C
for IHM and OGB, respectively. Lastly, the mass loss (M., %) and residual mass (Rw, %) for
the coals were examined. The mass loss (M., %) was between 56.19% and 79.37% for OGB
and IHM. Therefore, OGB experienced the lowest mass loss whereas the highest (and most
reactive) was IHM. However, the residual mass was from 20.63% to 43.81% for IHM and OGB,
respectively. This indicates that OGB is thermally stable during TG compared to IHM and BMK.

The TPCs for the DTG plots are; the drying peak (Dmax), maximum decomposition (Tmax),
and mass loss rates (Mir, %/min) at Dmaxand T max Were examined as presented in Table 4.

Table 4. DTG temperature profiles characteristics of BMK, IHM, OGB

Coal Maximum drying peak Rate Maximum decomposition peak Rate
Sample temperature (%/min) temperature (%/min)
(Dmax, °C) (Tmax, °C)
BMK 109.29 2.82 330.03 7.25
IHM 113.65 3.09 322.00 8.56
0GB 105.82 2.88 452.94 3.28

As observed, the maximum drying peak (Dmnax) temperatures ranged from 105.82°C (OGB)
to 113.65°C (IHM). However, the maximum decomposition ( Tmax) temperatures occurred be-
tween 322.00°C (IHM) and 452.94°C (OGB). Further examination of the M (%) at Dmax
showed that the lowest and the highest mass values were observed for BMK (2.82 %)/min)
and IHM (3.09 %/min). Conversely, thelowest and the highest Mz (%) at Trmax was from 3.28
%)/min (OGB) to 8.56 %/min (IHM). In summary, the temperatures Dmax, Tmaxand mass loss
rates (M, %) confirm that IHM is more reactive than BMKand OGB.

4. Conclusion

The study examined physicochemical and oxidative thermal analysis of newly discovered
brown coals from Obomkpa (BMK) in Aniocha-North, Ihioma (IHM) in Orlu, and Ogboligbo
(OGB) in Igalamela-0Odolu in Nigeria. The study investigated the elemental, proximate, calo-
rific and functional group properties of the coals. Furthermore, the study examined the micro-
structural, mineralogical and thermal analyses. The results revealed high compositions of C,
H, O and S but low N. BMK exhibited the highest composition of C, and H but the lowest O
whereas the lowest values were observedin OGB. The highest and lowest compositions of VM
was observed in IHM and OGB, respectively. The calorific analysis revealed an HHV of 19.7
MJ/kg for BMK, 19.4 M]/kg for IHM and 15.6 MJ/kg for OGB.

The functional group analysis revealed the complex coal structure is due to the presence of
alkane, alkene, arene, and aromatic functional groups. The microstructure analysis also re-
vealed fine to coarse-grained particles characterised by metal and non-metal elements such
asC, O, Al, Si, S, K, Ca, Ti, and Fe. The thermal analysis revealed the highest degradation
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occurredin IHM which is more reactive than BMKand OGB. The DTG plots revealed two distinct
regions of thermal degradation ascribed to drying and devolatilization. The TPC analysis of
ignition (Tons), midpoint (Tmiz), burnout (7o) temperatures, and the mass loss (M;, %) and
residual mass (Rw, %) revealed IHM is the most reactive coal compared to BMKand OGB.
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Abstract

Gas occurrences at shallow depths have been a common feature noticed in alluvial plain in shallow
water well drillings in the southeastern part of Bangladesh. The gas occurs in recent (< 2 Mya)
alluvial sediments at shallow depths and flows in a range of few hours to several days before being
exhausted. The only exception is the shallow gas occurrence in Bhola Island, which flows from
almost similar depth but have been consistently flowing for more than ten years. This shallow gas
occurs within the recent deposit of Holocene age of Shahbazpur structure at a depth of 260m to
290m. These recent deposits are composed of unconsolidated sand with thin clay layers. The
individual shallow gas pools are discontinuous and indicate that the shallow reservoir sand bodies
have frequent facies change, which implies their lateral extensions are limited. Field data collected
all over the Bhola island shows that the shallow gas accumulation is only located in Burhanuddin
upozila. Entirely composed of methane, very high methane-ethane (+) (>1000) ratio and high
dryness value (>0.99) of shallow gas is suggestive of its biogenic origin.

Keywords: Shallow Gas; Biogenic origin; Shahbazpur structure; Southern Bangladesh.

1. Introduction

Shallow gas is a well-known phenomenon, being accumulations of gas located in the upper
sediments, close to the surface. It is trapped typically in shallow and immature sediments,
indicating their formation in swamps, paddy fields, anoxic freshwater lakes, and sub littoral-
marine bays, as well as glacial drifts and marine sediments beneath the anaerobic sulfate-
reducing zone [*-21, Though shallow gas is often known as drilling hazards, it has been used
as commercial production of gasin some countries of the world and it’s utilization is increasing
day by day. Some countries recognized shallow gas as a natural resource such as Canada, Russia,
and China 3-51, A large accumulation of biogenic gas is known to occur in shallow (<1000)
Cretaceous reservoirs of the Northern Great Plains (mainly Montana), USA and southeastem
Alberta and southwestern Saskatchewan, Canada [¢-71, Such gas in shallow depths are typi-
cally rich in methane and are not associated with oils. Methane is the only hydrocarbon actually
generated in significant volumes during the biogenic stage [*-81, Occurrences of shallow gas
during drilling of water well reported for many years in Bangladesh plain land. In recent years,
the occurrences of shallow gas are more widely reported in Bangladesh because of the
increasing number of tube Wells having sunk. The reported depths of biogenic gas occurrence
ranges in different depths from 10 meters to 100 meters below the surface, but most of these
occur at depths more than 30 meters 1. All of these have been proved to be non-commercial
and record gas flow for short intervals of a few daysto a few weeks. However, the occunmence
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of shallow gas in Bhola district in southern Bangladesh is the only exception in the sense that
gas seepages have been continuing foras much as 10 years.

The shallow gas occurs in Quaternary sedimentsin Bhola Island at depth ranges from 200
to 300m meaning a deeper habitat compared to all other known Quaternary shallow gas in
Bangladesh. Use of these shallow gas by local people through make shift crude technology (rubber
tube and drum) have made the gas sub commercial. Although the subject have been reported
in the news media for several years, no in-depth geological evaluation and research has been
carried out on the gas seepages of Bhola. The present research aims at geological evaluation
of the occurrences, distribution and origin of the shallow gas in the Bhola Island based on field
studies and laboratory analyses. A comparison has also been made between the shallow gas
as mentioned above and the deep reservoir gas of the Shahbazpur gas field that occurs in
Miocene sediments at depthrange in excess of 2500m [0,

2. Geological setting

Union Map Of Burhanuddin SahtHem ~ Bhola, anisland district of Bangladesh
Bangladesh is located in Foredeep area of Bengal ba-
3 sin or can be said more precisely in the
\\ ; Hatia trough. The Foredeep part of the
{ \ Bengalis at the west of eastern fold bett.
Bay of Bengal Here the intensely folded sedimentary
" iﬁ‘/“\} : Bhola layers gradually become strata of mild
Py ¢ Tabei (Study Area folding or no folding at all. Therefore, the
| e Bijghanucdin sedimentary layers are generally hori-
\ i zontal to sub horizontal and are free
~/ (_ A= from major tectonic deformation in the
- 0 15 3 - -
— . Foredeep area. This unit coversthe cen-
— tral part of the basin and is represented
Pakshia by river to delta plain topography at the
. B N surface '], The Shahbazpur structure is
. 3 o e a subsurface anticlinal structure situated
- | P * Ve . .
R - % \ Nagar in the middle of the Bhola Island. There
ol _ araN is no surface expression of the Shahbazpur
A subsurface anticline ratherthe surface is
i % |\ mwow floored with recent alluvial plain depos-
Kach
achia - - . .
t . its. Field survey has been carried out in
.“. Legend 2280N almost all parts Bhola district. However,
e8¢ | ¢ Present Status of Shallow Gas Wells _
« Water wel(rviously Ont Flaned) the shallow gas wells are found.to be lo
o e + Non-Flowing (Previously Gas Flowed) | cated only in Burhanuddin upozila. It co-
—rr % _Shahbazpur Gas Field vers the longitude range from 90° 43'E
90°45'0"E 90°45'45"E 90°46'30"E 90°47T'15"E 90°48'0"E

to 90° 50'E and latitude range from

Fig.1. Location map of the study area and presentsta- 22° 24'Nto 22° 32'N (Fig. 1).
tus of shallow gas wells

3. Stratigraphic sequence

The stratigraphy of Foredeep area of Bengal basin is characterized by an enormous thick-
ness of Tertiary sedimentary succession. This succession is thickerin the southern part of the
regions in the Faridpurand Hatia Troughs, but the stratigraphy is little known there [*21, The
stratigraphy of the Shahbazpur area was established with the help of systematic lithological
description of the drilled section, log data and from seismic data, and from correlation with
neighboring well and is summarized in Table 1. It ranges from Miocene to Recent in age,
although the base is not seen. The Shahbazpur-1 succession is divided into four sequences
named Shahbazpur (SB) sequence -1, -II, -III and - IV [*3], These sequences have been assigned
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to the traditional stratigraphic succession of Bangladesh, i.e. the Surma Group (SB sequence 3
and 4), the Tipam Group (SB sequence 2) and the Dupi Tila Group (SB sequence 1) [*4],

Table 1. Stratigraphy and lithology in the Shahbazpur area [Modified after 13, 14].

Depositional En-

Depth (m) Age Group Sequence (m) Lithology

vironment
0-480 Recent Alluvium (480) -00Se unconsolidated g\ oy pjaig
sand with occasional clay
Dupi Tila Shale with occasional oc-
480-1505 Pleistocene (Tentative SB sequence currence of interbedded
(?) assign- 1(1025) sandstone and calcareous Deltaic to Fluvial
ment) siltstone plain
Pleistocene- . SB sequence
1505-2010 Pliocene Tipam 11(505) Shale and sandstone
2010-2750 Plio-Miocene SBIIsIe(q7u4eon)ce Sandstone and shale
Deep sea to
Surma :
shallow marine
2750-3631 Miocene SB sequence Sandstone and shale

IV (881)

4. Materials and methods
4.1. Field Procedure and sampling

Field survey in the study area carried out twice during this study. First, a reconnaissance
survey performed in winter (January 2015) to observe the status of the shallow gas wells. To
get the general overview of the well location, suggestion of the local people taken. A hand
held GPS was used to note down the well location. Another field visit was done in the beginning
of rainy season (April 2015) to observe whether the flowing status of well are changed or not.
At second visit period, gas samples were collected from several locations. Gas samples (Table 2)
were collected by the water displacement method from each gas well. These samples imme-
diately kept in glass bottles at the sampling sites and the bottles opened just before analysis
in laboratory.

Table 2. Location of sampling wells

Area Well Depth (m) Coordinates

Latitude (N) Longitude (E)
Kachia K-1 262 22°27'58.80" 90°45'19.93"
Kachia K-22 259 22°28'31.26" 90°44'37.92"
Tabgi T-15 259 22°28'59.70" 90°45'28.92"
Tabgi T-23 290 22°29'17.52" 90°47'8.04"
Tabgi T-26 262 22°29'15.30" 90°46'25.44"
Pakshia P-2 259 22°29'15.90" 90°45'40.32"
Hassan Nagar H-2 290 22°29'32.76" 90°47'47.76"

4.2. Analytical procedures

Hydrocarbon compositions of natural gases were analyzed by a gas chromatograph. The
gas samples have been analyzed by Bruker 450 gas chromatograph fitted with a Hayesep
6*1/8” column in parallel with a Molseive 13X 4*1/8" column, both connected to Thermal
Conductivity Detector (TCD) and a CP-Sil 5CB 60m * 0.25mm capillary column connectedto
Flame Ionization Detector (FID). Gas samples are passed through a 14-port valve tofill three
individual loop of 250 pL and thenit is injected to three columns separately by programmed
valve switching. Temperature programwas kept at 45° Cfor 6.5 min, then raised at a rate of
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20° C/min up to 200° Cand hold for 3.75 min. Helium was used as carrier gas. Hydrogen and
oxygen (air) for FID. Presence of hydrogen sulfide (H,S) in gas was tested with lead acetate.

5. Results and discussion
5.1. Subsurface occurrence and distribution of shallow gas
5.1.1. Occurrences: depth wise

A generalized stratigraphy established from the well tops information, which shows the
position of the gas zones in stratigraphic sequence (Fig. 2a).

SHAHBAZPUR-1 [MD]
—| Lithology]  Gas Zones Stratigraphy
Formation Group
puminiy/|Shalow gas Alluvium
Zone
500
1000 SB Sequence |} DupiTila Group|
1500 \
e SB Sequence |l Tipam Group| Legend
gAY MD=Measured
2000 Depth(m)
EEEEEasEs
Clay
SB Seauence Ill] o o o o
2500 : y
Zone (I Silty Clay
New Gas Sand _—
‘e o () Surma GrouEI Shale
o
3COO . . TUEETTASR
Zone (Il SB Sequence V] Medium to
Zone (1I1)] Fine sand
3500 Zone (IV)] J TWELSTITN
Zone V)] Coarse sand

Fig. 2a. Occurrence of shallow gas in generalized stratigraphy (modified after [13])

From the figure, it can be noticed that the shallow gas zones occur in alluvial deposit of
recent age where deep gas zone occurred in Surma group of Miocene-Plioceneage. A corre-
lation has also been made between seismic stratigraphy of Shahbazpur gas field and Litholog
made from Shah-bazpur-1 well (Fig. 2b) which shows that shallow gas zone occurred as delta
top deposit of Megasequence 3, where most deep gas zones occurred as deep sea to shallow
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marine deposits of Megase-quence 1. Two deep gas zo-nes occurred at the base of the incised
valley fills of Mega-sequence 2 [15],

A cross-section (A-B) has been constructed along the shallow gas wells taking in reference
Pakshia-1 well, which Litholog were made from available borehole data. Fromthe Litholog it can
be observed that the dominant lithology is unconsolidated sand with several thin to thick clay
layers. A well correlation established along the cross-section based on top of the shallow gas
zone where the base of the shallow gas zone was not known yet (Fig. 3). Fromthe correlation
of shallow gas wells, it can be found that the depth range of the top of the shallow gas zone
is about 260m-290m.

A detail relation of seismic line with shallow gas wells shown in (Fig. 4). The relation be-
tween gas wells and seismic lines give a relationship between the occurrence of shallow gas
wells and deep gas wells. The maximum distance from the seismic line to well is taken as
1000m that is, the wells that fall within this 1000m radius will show in the seismic line. It has
been observed that the shallow gas wells have TWT (milliseconds) is about less than 500nms
where the Shahbazpur gas wells have TWT is about 2500ms. The shallow gas wells clustered
in the north of the Shahbazpur gas wells and there are no shallow gas wells in the south of
Shahbazpur gas wells.

Shahbazpur Well s
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Fig. 2b. Occurrence of shallow gas in seismic stratigraphy (modified after [15])
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Fig. 3. Well correlation of shallow gas wells
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Fig. 4. Distribution of shallow gas wells in Shahbazpur seismic line

5.1.2. Distributions: area wise

Field survey has been carried out in all part of Bhola island, after that it has been confirmed
that the shallow gas wells are located only in Burhanuddin upozila out of 7 upozila of Bhola
district. The shallow gas wells are only present in four union of the upozila they are Kachia,
Tabgi, and Pakshia and Hassan Nagar union (Fig. 1). No other union has reported of having
such shallow gas wells. Most of the shallow gas wells are located in Kachia union, and they
have a clustered distribution. The shallow gas wells located from Kachia to Tabgi to Hassan
Nagar and some of the wells found in the bank of the Meghna River. According to local people,
so many wells lost into the Meghna River. The shallow gas wells found from the north of the
Shahbazpur gas field and no shallow gas wells found in the south of the Shahbazpur gas field.
Some of the shallow wells are now used as water well; some are just abandoned because they
are not flowing water or gas and most of themare still flowing gas, and new shallow gas wells
are also exploited (Fig. 1). The pressure of the flowing gradually decreased with increasing age of
wells. It has been observed that some wells stopped flowing or has lower flow rate gas during
winter whether the rainy season they have full flow.

The shallow gas wells in Kachia
have higher flow rate than wells in
Tabgi. When collecting gas samples,
the less time required to fill the sam-
ple bottle in Kachia union than other
unions. A depth distribution map was
also made based on the depth infor-
mation of shallow gas wells in the

- study area (Fig. 5a). The very shallow
pevtn m Diswibwionof L [ gas wells (213m-244m) are located in

Shallow Gas Wells
1 0o the west and North-west of the study

_  — Gomets e ooz, area. All of the wells that are located
o i i e b in the in the northeastern part of the

study area having depth range 250m-

22°29'30"

22°29'0"

22°28'30"

22°28'0"

Fig. 5a. Depth distribution of shallow gas wells

290m.When collecting datain the field, it has been observed that the average depth of shallow
gas wells in Tabgi union is higher than the average depth of shallow gas wells in Kachia union.
It has also been observed that the shallow gas wells are not clustered to the closure rather
than they also distributed towards flanks of the structure (Fig. 5b).
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Fig. 5b. Showing distribution of shallow gas wells in Shahbazpur structure
5.2. The chemical composition of the shallow gas

Seven gas samples were analyzed for chemical composition. The analyses show that the
samples are dominated by methane (as much as 90%), with minor C»+ hydrocarbons (<0.2%),
N2, and CO.. The gas compositions of the shallow gas samples are shown in Table 3.

Table 3. Molecular composition of analyzed natural gases

Molecular Composition (vol %)

Well H, C2He C;Hs i-C4 n-C, i-Cs n-Cs N, CO, H2S
K-1 96.86 0.07 nd nd nd nd nd 2.51 0.56 nd
K-22 97.29 0.05 nd nd nd nd nd 2.18 0.48 nd
T-15 98.26  0.07 nd nd nd nd nd 0.83 0.84 nd
T-23 97.73 0.05 nd nd nd nd nd 1.11 1.11 nd
T-26 98.02 0.03 nd nd nd nd nd 0.94 1.01 nd
pP-2 96.40 0.05 nd nd nd nd nd 2.72 0.83 nd
H-2 97.15 0.08 nd nd nd nd nd 1.89 0.89 nd

*nd=not detected

For the gas samples collected from Kachia union, the ranges of hydrocarbon compositions
are CHs: 96.86 - 97.29%, CoHs: 0.05 - 0.07%, CO>: 0.48 -0.56% and N»: 2.18-2.51%. For
the gas samples collected fromTabgi union, the ranges of hydrocarbon compositions are CHa:
97.73 - 98.26%, CoHs: 0.03 — 0.07%, CO2: 0.84 -1.11% and N: 0.83 -1.11%. For the gas,
samples collected from Pakshia union the hydrocarbon compositions are CHa: 96.40%, C:Hs:
0.05%, CO2: 0.83% and N2: 2.72%. For the gas, samples collected fromHassan Nagar union
the hydrocarbon compositions are CHas: 97.15%, CzHs: 0.08%, CO2: 0.89% and N,: 1.89%.
From the above observation, it can be said that the range of hydrocarbon compositions of
shallow gas is CHa: 96 — 98 %, C:Hs: 0.03 - 0.08 %, CO>: 0.5 -1% and N»: 1-3%. The higher
hydrocarbon constituent (>C»+) were not present in the gas samples. It should be mentioned
that the smell of hydrogen sulphide (H>S) was found during collecting gas samples but was
not found during lead acetatetestin the laboratory.

5.3. Comparison of shallow gas with deep thermogenicgas

Comparison of two gases can be made by chemical and isotopic composition. As there is
no facility available for isotope analysis in the country, only chemical analysis results by gas
chromatography are used for comparison. For the deep thermogenic gases (>2 500m) of
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Shahbazpur gas field the ranges of hydrocarbon compositions are CHa: 89.82 - 94.9%, CyHe:
3.00 - 4.090%, CsHg: 0.55 - 1.12%, i-C4: 0.15 -0.25%, n-Cs: 0.06 -0.11%, i-Cs: 0.02 -
0.08%, n-Cs: 0.01 -0.05%, CO>: 0.6 -0.9% and N.: 0.4- 3.0%. Hydrogen sulphide was not
present in the deep thermogenic gas.

The shallow gas does not have any higher hydrocarbon constituent (>C;), it can be possible
if the shallow gas were produced by bacterial biodegradation. However, a small amount of
ethane can be present in the bacterial gas because ethane has high bacterial resistance [161,
Where the deep gas has higher hydrocarbon like propane, butane, pentane, and hexane. There-
fore, fromthe composition of the shallow gas and deep gas, it can be said that the shallow gas
is different from deep reservoir gas.

5.4. Origin of the shallow gas

To understandthe resource-base, it is necessary to determine whether a gas accumulation
is microbial, thermal or mixed. This is accomplished through an analysis of both molecular and
isotope composition. However, isotope composition gives better result about the origin of the
gas, but the molecular composition of the analysis can also give an indication of the origin of
the gas. The values of C1/Cx+ greaterthan 1,000 indicated biogenic sources, whereas values
less than 50 signaled thermogenic sources [*71, Fromthe gas analysis of shallow gas and deep
gas, it can be observed that the shallow gas have the range for C1/Cs+ ratio is about 1200-
3500 where the deep gas has the range for C1/C», ratio is about 20-35 (Fig. 6a).
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Fig. 6a. Dryness value of the shallow gas and deep gas
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Fig. 6b. Showing the value of C,/C,, ratio in shallow gas and deep gas
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Biogenic gases characteristically are composed almost entirely of methane
(C1/(C1+C2+)>0.98) 51, In other words, it can be said that the gas is very dry due to the
dryness of methane. Generally, microbial gas is typically considered dry (i.e., depleted in C,+
components), but there is clear evidence that ethane and possibly propane may also form
through microbial processes [*], From the analyzed gas samples, the shallow gas has the
range of the C1/(C:+Cz+) value is about 0.9992-0.9997 where the deep gas have the range of
the C1/(C14+Cy4+) value is about 0.93-0.96 (Fig. 6b).

Therefore, fromthe above observation discussed above it can be concluded that the shallow
gas is quite different from conventional reservoir gas. The > 1000 C1/C». ratio value and >0.98
C1/(C1+C24) value suggest the biogenic origin of the shallow gas, where the <50 C;/Ca+ ratio
value and <0.98 C;/(C:+C;+) value proved the thermogenic origin of the deep gas. Therefore,
it can be summarized that the shallow reservoir gas in the study area is biogenic in origin
though isotope analysis is needed for further confirmation.

5.5. Prospect of the shallow gas

During the field survey, it was observed that water is continuously drawing out from the
tube well. The local people use a filter, which separates the water at the base and gas at the
top (Fig. 7) The local people said that they are using this gas for about 30 years.

e

I i, | Gas Pipe Line

Fig. 7. Local filtering method for separating gas and using it for cooking purpose

It is true that all of the gas wells were not continually flowed from the beginning. Some of
the gas wells flowed for 1 (one) year, some are for 5 (five) years, and some are still flowing
(Fig. 8). There are some wells, which are flowed for more than 16 years, and there are two
wells one in kachia and another in Pakshia, which flowed more than 30 years and they are still
flowing.

There are on average 2-7 connections per well. Most of the gas wells having no connection
with consumers are located in Kachia. The lack of connectivity is due to the absence of flow,
but they flow previously. They had the connection like present flowing well when they flowed,
but it is difficult to get the information on how many connections they had because no one
has a clearidea about the connections. From the presently flowing gas wells, the wells from
Tabgiand Hassan nagar union has more connection (Fig. 9).

Pet Coal (2018); 60(6): 1216-1227
ISSN 1337-7027an open access journal

1224



Petroleum and Coal

Eara Manika

Gangapuritta |, Paksnia

n Magar
Zachrg

Deula

o8 6 9 12 et Shallow Gas
= Kilometers Area
PP L
22°29'30"N . -4
o
L [ ]
*
... . ¢ g0 "
L ]
22°200"N & .
[
L] ]
... L
) Legend
e° Time of Gas Flows
22:2830n] - ®
L ® 1Year
® 2-4Years
» * 5-12Years
o
® 13-50 Years '
* %+ Shahbazpur Gas Field-
22°28/0"N- S 7
Kachia
= L ] L
b % Pakshia
0 02505 1 1.5 2 Tabgi
—— - - Kilometers Hassan Nagar
Tinch = 1 kilometers :
90°450°E 90°460°E 90°4T0'E 90°4B0"E
Fig. 8. Period of gas flow from shallow gas wells
Bara Manka
Gangapurkutba . , Pakshia
In Nagar
Sachra
Deula
0.5 6 9 12, o Shallow Gas
m——wm Kilometers Area
22°29'30°'N4 ° z. o
ArIr
- pe B o o 7
.
’ ™ ‘! 7
° ¥
22°29'0"NA °
. L]
RN
°
L
| = * Legend
: ° Number of Connections per
280N L Shallow Gas well
y L
[ ] o 1
® 24
r » 57
: ® 810
- <+ Shahbazpur Gas Field
22°28'0"NA . [
® Kachia
3 [ ] L
® ¢ .: Pakshia 7
002505 1 15 ) Tabgi 7
- Kilometers (/" Hassan Nagar 7
1inch = 1 kilometers
90°45'0"E 90°46/0°E 90°470"E 90°480"E

Fig. 9. Number of connections per shallow gas well

1225

Pet Coal (2018); 60(6): 1216-1227

ISSN 1337-7027 an open access journal



Petroleum and Coal

Therefore, fromthe above observation it cannot be said that the shallow gas has no prospect or
no value, rather it can be marked that the gas has a moderate prospect or sub-commercial value,
which is proved by its extreme utilization of local people.

6. Conclusions

The occurrence of shallow gas is restricted only to the Burhanuddin upozila in the central
part of Bhola Island. The potential map has been produced to summarize the distribution of
shallow gas wells. Fromthat, it can be concluded that the shallow gas wells are only distributed
within the four unions of Burhanuddin upozila. The other parts of the Burhanuddin upozila, as
well as Bhola Island, do not have the shallow gas occurrence.

The shallow gas reservoir zones are consisted of fine to coarse sand which has an average
porosity of 35%. The occurrence depth of the shallow gas reservoir is increasing towards the
eastern part of the area. The shallow gas reservoir is sealed by a clay layer at the top. From
the distribution of the shallow gas occurrence, it can be concluded that a localized stratigraphic
trap exists in the area. The organic rich clay and shale that lie below the reservoir are the
possible source of the shallow gas.

The chemical composition of shallow gas consists of entirely methane with less than 0.2%
methane where the deep thermogenic gas consists of ethane as well as higher hydrocarbon
like ethane, propane, butane, etc. The shallow gas has high methane-ethane (+) ratio
(>1000) where the deep gas low methane-ethane (+) ratio (<50) and shallow gas has dryness
value >0.99 (close to 1) where deep gas has dryness value >0.93.

The shallow gas is genetically different fromthe deep gas in being biogenic origin while the
deep gas is the thermogenic origin. These two have a different generation, migration and
accumulation pattern in their respective pools. Further study is needed including stable isotope
geochemistry to conclude the origin of the gas.

Finally, it can be concluded that the shallow gas at recent deposit has a sub-commercial
value which has been proved by the long term use of this gas in the community. Shallow gas
is currently of little economic interest due to low-pressure drive to recovery at the surface.
But it is of better potential for commercial interest in the future with the development of new
and better technologies associated with biogenic gas. A country like Bangladesh that suffers
from the long term energy crisis, the energy of this type can genuinely provide an aid to
overcome the future energy crisis.
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Abstract

The Nkporo Group of the Anambra Basin consists mostly of dark-grey to black shales, mudstones,
sandstone and siltstone. The aim of this study is to evaluate the source rocks and paleoenviron-
ments of the Nkporo Group in the Anambra Basin. The objectives are to: determine the organic
richness of the source rock and the type of organic matter (kerogentype), determine their thermal
maturity and evaluate the hydrocarbon generation potentials of the source rocks of the Nkporo
Group (Nkporo Formation and Enugu Shale). The study was undertaken in three stages: desk
work, field and laboratory studies. Twenty-five samples from the Nkporo Formation and Enugu
Shale were analyzed using Leco CS 125 and HAWK pyrolyser for the organic geochemical param-
eters. This parameter was used to assess the source rock quantity and quality, type of organic
matter, maturity and generating potential of the source rocks (shales). From the results of the
geochemical analysis, the Total Organic Carbon (TOC) contents of the Nkporo Formation and
Enugu Shale varied from 0.41 to 2.42wt.% and 0.53 to 3.15 wt.% respectively. This shows that
Nkporo Formation and Enugu Shale has fair to very good organic matter contents. The organic
matter richness varies from 0.08 to 4.40mgHC/g for the Nkporo Formation and 0.36 to
3.97mgHC/g for the Enugu Shale. Hydrogen Index versus Oxygen Index plots and visual kerogen
shows that the Nkporo Formation was of Type III/IV while Enugu Shale was of Type II/III kerogen.
The Thermal maturity index (Tmax) of the Nkporo Formation and Enugu Shale varies from 418 to
443°C and 430 to 443°C respectively. These suggest that the Nkporo Formation is marginally
mature to mature while Enugu Shaleis mature. The results of this study has shown that the source
rocks of the Nkporo Formation is immature and has not generated hydrocarbon while that of the
Enugu Shale is mature and has generated hydrocarbon.

Keywords: Nkporo Formation; HAWK Pyrolysis; Kerogen; Organic Matter; Hydrocarbon.

1. Introduction

Anambra Basin has a total sediment thickness of about 9km and presents an economically
viable hydrocarbon Province [*1, It is characterized by enormous lithologic heterogeneity in
both lateral and vertical extension 1. The search for commercial deposit of hydrocarbon in
the Anambra Basin has been on the drawing board especially to oil companies and research
groups. Initial efforts were unrewarding, and this leads to the neglect of this basin in favour
of the Niger Delta Basin [2-31, The increasing global energy demand, the advent of improved
exploration tools, integrated basin analytical methods, the need to circumvent the pending
energy crises, and ultimately the allocation of concession blocks in Anambra Basin, oil/gas
exploration and prospecting activities have provided the impetus for sustained exploration in
the basin. It is against this background that this research focuses on providing necessary infor-
mation to optimize development in exploration and exploitation of petroleumin the Anambra
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Basin. The maturity of organic matters is one of the most important processes in the evalua-
tion of sources rock ! (Fig. 1). Rock-eval pyrolysis and vitrinite reflectance are the most
commonly used methods in the assessment of the maturity of organic matter.

Unomah [31 evaluated the quality of organic matterin the Cretaceous shales of the Lower
Benue Trough as the basis of the reconstruction of the factors influencing organic sedimenta-
tion. He deduced that the organic matter and shales were deposited under a low rate of dep-
osition. Specific reference to the organic richness, quality and thermal maturity in the Mamu
Formation and Nkporo Shale has been reported by Unomah and Ekweozor [, Akaegbobiand
Schmitt 71, Obaje et al. 8, Akaegbobi [*1 and Ekweozor ! reported that the sediments are
organic rich but of immature status.

Anozie et al. [*°1 carried out research on thermal maturation of the rock of Campanian
Enugu Shale in Anambra Basin, and concluded that the hydrogen index (HI) and generation
potential (GP) of the shale attained values required for a quality source rock, suggesting that
the shale has to gas generative potential and belong to type III kerogen with few records of type
IV kerogen. The degree of thermal maturation obtained fromthe Rock-Eval data suggests that
the shale sediments are thermally immature to generate petroleum. The objectives of this
study sought to determine the organic richness of the source rock, determine the thermal
maturity and the type of organic matterand evaluate the hydrocarbon generation and expul-
sion potentials of the sourcerock.

|| Eocene Ameki Formation

|
==

‘ Imo Formation (incl sst)

PRECAMPANIAN STRATA

iger Delta Sediments

‘ [ study area

u 25km

6° 45'H
7° 15'E.

Scale

Fig. 1. Geologic Map showing the study area
2. Geologic setting

The oldest succession in the Anambra Basin is Nkporo Group [*11, It was deposited in Late
Campanian [*2-13], The Nkporo Group comprises of Nkporo Formation, Enugu Shale and Owelli
Sandstone which is lateral equivalent to each other. Nkporo Group is overlain by Mamu For-
mation (Fig 2). It was deposited in Early Maastrichtian [*4-151, It comprises a succession of
siltstone, shale coal seamand sandstone [*4], The Ajali Sandstone (Maastrichtian) overlies the
Mamu Formation [11-121 which consists mainly of unconsolidated coarse-fine grained poorly
cemented sand stone and siltstone [14], The Ajali Sandstone is overlain by dichronous Nsukka
Formation (Maastrichtian - Danian) which is also known as upper coal measure [*51 (Fig. 2).

2.1. Nkporo Formation

The Formation has its typelocality at the Nkporo Town in Ohafia Local Government Area of
Abia State. The Nkporo Shale is the basal sedimentary unit that was deposited following the
Santonian folding in Southeastern Nigeria and indicates a Late Campanian, based on the pres-
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ence of Afrobolivina afra '*21, The Nkporo Formation encountered in the study areais subdivi-
sible into two lithostratigraphic units, namely, a lower sandstone and an overlying carbona-
ceous mud rock and shale unit. The basal sandstone unit is composed of ferruginized, poory-
sorted, coarse-mediumagrained and pebbly sandstone that rests unconformably on the tilted
Coniacian- Turonian Formations. In boreholes at the proximal Alade and Nzam localities the
unit is up to 150 m thick, while in the more basinal Ogbaku and Leru sections where the unit
oversteps the Pre-Campanian Formations, the thickness decreases to less than 10 m. The
overlying carbonaceous mud rock unit is better developed in the more basinal area south of
Awgu, where it begins with grey, bioturbated mudstone that is characterized by concretionary
pyritic layers 5-10 cmin thickness. The interval passes upward into nodular, fossiliferous black
carbonaceous, fissile shale inter-bedded with grey, to milky-white, sharp-based beds of lime-
stone and very fine grained sandstone/siltstone [*5-*8, The best exposure of the Nkporo Shale
is at Leru, along the Enugu - Port Harcourt express road. It is also exposed in Abia and Akanu
in Arochukwu LGA; Nkporo, Item, Amaiyi in Ohafia LGA all in Abia State; Owutu, Nguzu-Edda,
Ekoji and Ebunwana in Afikpo South LGA of Ebonyi State.

2.2. Enugu Shale

The Enugu Shale, a lateral equivalent of the Nkporo Formation, consists of grey, blue or
dark shale, occasional white sandstones and striped sandy shale beds [*°1. The Formation has
its type locality at the Enugu Municipality, withan area coverage that stretches north to Ikem-
Ihandiagu area, and southwards to Awgu area [*9, It underlies the Cross-River Plains east of
the Enugu Cuesta and largely overlies the Awgu Shale. The formation consists mainly of
shales, with two distinguishable sandstone bodies- the Otobi and the Okpaya Sandstones-
which are regarded as members of the Formation [*°], Most of the territory underlain by the
formation is low ground except for a few laterites- capped mounds or ridges considered to be
erosional resistors left behind as the Cuesta scarp retreated westwards. Relatively consoli-
dated siltstones and/or fine sandstones underlie some of these isolated topographic promi-

nences 91, The best exposure of the Enugu Shale is along the Enugu - Port Harcourt express
road, Enugu- Onitsha express road and River Emene all at Enugu State 9],
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3. Methodology
3.1. Total Organic Carbon (TOC) analysis

The total organic carbon (TOC) analysis was performed by means of the LECO CS 125
carbon analyzer according to the following procedure. About 200mg of the pre-clean shale
was crushed and accurately weighed into dean LECO crucibles. The rocks were de-mineralised
by hot 10% HCI and afterwards washed repeatedly with distilled water. After drying at 60°C,
the crucibles were automatically introduced into the furnace for combustion and measurement
of the organic carbon content.

3.2. HAWK pyrolysis

An advanced pyrolysis instrument was used to identify the type and maturity of organic
matter and to detect petroleum potential in sediments. This instrument is known as Hydro-
carbon Analyzer with Kinetics (HAWK). HAWK pyrolysis is done using the Wildcat Technologies,
HAWK™ Plus TOC module at Geomark Research Laboratories, Humble, TX. USA. The HAWK
instrument measures all the classical pyrolysis parameters (S1, S2, S3, and Tmax) and TOC
(Total Organic Carbon) using only about 100 milligrams of 60 mesh size ground rock sample.
In addition, HAWK pyrolysis measures inorganic carbon and therefore gives youthe carbonate
carbon content of your rock samples. Acid preparation of samples for TOC analysis on the
HAWK is not required. Utilizing the HAWK-eye software, interpretive results such as Oil Satu-
ration, Hydrogen Index and Maturity can be obtained in near real-time to facilitate geosteering.

HAWK is ideal for analysis of not only conventional samples but also unconventional ones
for which, the rock formation’s generative and non-generative organic carbon contents can be
determined while any generated, expelled or retained hydrocarbons can be quantified. The
HAWK's maximum oven temperature is 850°C which insures complete pyrolysis of difficult to
break-down Type III kerogen and also assures you that the complete decomposition of car-
bonates such as calcite and dolomite will occur. The HAWK also provides the capability for
processing kinetics data using software such as Geolsochem'’s Kinetics05. HAWK's kinetics
data output canbe configured to suit your needs. Whenever desired, analyseson the HAWK
can continue overnight with no operator attention because it has a fully electronic, high pre-
cision autoloader with removable and interchangeable trays holding up to 126 samples.
HAWK's PyroSmart panel displays real-time instrument status without the need of an extemal
PC. All the critical parameters including gas flows are stored within the sample file so when
you review your data, you can go into the data base and look into both the instrument and
sample run parameters. HAWK’s data file captures all real-time data associated with individual
runs. In addition, HAWK can be used for designation of formation tops and geosteering while
drilling. The HAWK instrument was designed with laboratory and well-site in mind. Samples
chosen to be measured on the HAWK instrument are usually subsampled from the freeze-
dried material previously crushed for analyses on the coulometer and CNS.

The HAWK pyrolysis method consists of a programmed temperature heating (in a pyrolysis
oven) in an inert atmosphere (helium) of a small sample (~100 mg) to quantitatively and
selectively determine (1) the free hydrocarbons contained in the sample and (2) the hydro-
carbon- and oxygen-containing compounds (CO>) that are volatilized during the cracking of
the unextractable organic matter in the sample (kerogen).The analysis process involved the
transfer of each sample into the furnace where it was heated initially at 300°C for three
minutes in an atmosphere of helium to release the free hydrocarbons (S1). Pyrolysis of the
bound hydrocarbons to give the S2 peak followed immediacy as the oven temperature was
ramped up rapidly to 550°C at the rate of 25°C/min. both the S1 and S2 hydrocarbon peaks
were measured using a flame ionization detector (FID). A splitting arrangement permitted the
measurement of the S3 peak (carbon dioxide) by means of a thermal conductivity detector
(TCD). The instrument automatically recorded the temperature corresponding to the maxi-
mum of the S2 peak. i.e. Tmax. An in-built computer processed the raw data afford the values
corresponding to the respective rock-Eval indices.
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In summary, the four basic parameters obtained by pyrolysis (Table 1) are as follows:

Table 1. Rock-Eval parameters [21]

Sample Formula Description
S1 (mgHC/g sample) -
S1 (mgHC/g sample) -
S1 (mgHC/g sample) -
S1 (mgHC/g sample) -

Tmax(°C) -

PI S1/S1+S2 Production index

PC(%) 0.1[0.83(S1+52)+0.27353 [\ 1o
+0.429(S3C0+0.5353c0)] YOV 9

TOC (%) PC+RC Total organic carbon

BI (mg HC/g TOC) 100S1/TOC Bitumen index

HI (mg HC/g TOC) 100S2/TOC Hydrogen index

OI (mg C0O2/g TOC) 100S3/TOC Oxygen index

RC (%) RC CO+ RC CO2 Residual organic carbon

4. Results and discussion

In order to evaluate the organic carbon content and source rock maturity different factors
including organic matterrichness, generating potentialities, type of organic matter and ther-
mal maturation. Twenty-five (25) shale samples of part of the Nkporo Group (Nkporo For-
mation and Enugu Shale) were discussed based on Hydrocarbon Analyzer with Kinetics
(HAWK) pyrolysis data and Total organic carbon (Toc) (Table 2a and 2b).

4.1. Organic matter richness

The quantity of organic matter expressed as total organic carbon is a measure of the organic
richness of sedimentary rocks 221 j.e quantity of organic matter presented in rock and ex-
pressed as TOC in weight percent of the dry rock. The organic carbon richness of the rock
samples (TOC %), is important in the evaluation of source rock for hydrocarbon. Tissot and
Welte [#1, Peters and Cassa, [231 and Peters [24] presented a scale for the assessment of source
rocks potentiality, based on the TOC% and HAWK pyrolysis data (Table 2a and b).

The Total organic carbon (TOC) of the shale samples of the Nkporo Formation ranges from
0.41-3.54 wt% with an average of 1.53 wt% which indicates a good source rock. The Enugu
Shale samples range from 0.53-3.39 wt%, with an average of 2.03 wt% (Table 2a and b).
This average value indicates a very good source rock [23:25-271 Total organic carbon (TOC)
value of 0.5wt% is the threshold value required for a potential sources rock to generate hy-
drocarbon. The number of free hydrocarbons (gas and oil) in the sample, S1 and the number
of hydrocarbons generated through thermal cracking of nonvolatile organic matter, S2 for
Nkporo Formation is poor which has an average of 0.07 and 0.05 respectively (Table 2a). The
average value of S1, and S2 of Enugu Shale samples, are 0.09 and 1.92 respectively. These
values indicate that Enugu Shale is a poor quality source rock for generation of hydrocarbon
(Table 2b). This conclusion is confirmed by the result of the plot of S2 versus TOC (wt %)
(Fig. 3) [27-28],

4.2. Generation potential

The generation potential (GP) is the sum of the values S1 and S2. According to Hunt [28],
source rocks witha GP < 2, from2 to 5, from 5 to 10 and >10 are considered poor, fair, good
and very good generation potential, respectively. The relationship between (S1+S2) and TOC
(wt%) [27:2°1 shows that the Nkporo Formation and the Enugu Shale samples are considered
as poor to fair source potential (Fig. 4). The average generation potential for Nkporo Formation
is 1.22mg/g which indicates a poor source potential, while that of Enugu Shale hasan average
generation potential of 2.01mg/g which indicates a fair source potential. The hydrocarbon
yield is derived from the plot of genetic potential, GP against calculated vitrinite reflectance,
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%Ro which shows that the two samples from Nkporo Formation (NKP/03 and NKP/06) and
Enugu Shale (ENU/24 and ENU/25) indicates oil; eight samples from Nkporo Formation
(NKP/01, NKP/08, NKP/15, NKP/16/002, NKP/16/004, NKP/16/008, NKP/17/001, NKP/17/001
and NKP/17/003) and three samples from (ENU/22, ENU/23 and ENU/27) indicates gas; an-
other eight samples from Nkporo Formation (NKP/02, NKP/04, NKP/06, NKP/09, NKP/10,
NKP/12, and NKP/13) and one sample from Enugu Shale (ENU/21) indicates gas potential;
one sample from Enugu Shale (ENU/20) indicates oil potential (Fig. 5).
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Fig. 3. Plot of S2 versus TOC (wt%) demonstrate the quality and quantity of hydrocarbon of Nkporo
and Enugu Formations [28]
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Fig. 4. Plot of (S1 +S2) versus TOC (wt%) to demonstrate the generating potentialities of the Nkporo
and Enugu Formations [29]

4.3. Types of organic matter

The type of organic matter of a source rock is essential for the prediction of oil and gas
potential. Peters and Cassa [23! used the hydrogen index values (HI) to differentiate between
the types of organic matter. Hydrogen indices <50 mg HC/g indicate (a potential source for
generating) inert (mainly type IV kerogen). Hydrogen indices between 50 and 200 mg HC/g
contain type III kerogen and therefore are capable of generating gas. Hydrogen indices be-
tween 200 and 300 mg HC/g contain more type III kerogen than type II and therefore is
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capable of generating mixed gas and oil. Hydrogen indices between 300 and 600 mg HC/g
contain a substantial amount of type Il kerogen and thus are considered to have good source
potential for generating oil in the marine environment. Hydrogen indices >600 mg/g usually
consist of type I kerogen and thus have excellent potential to generate oil in the lacustrine
environment.

In this study, Langford and Blanc-Valleron kerogen type diagram were used to represents
the plot of S2 versus TOC (Fig. 6).This diagram shows that the studied samples for Nkporo
Formation are characterized by kerogen of type III and type IV having mostly an atomic H/C
of <0.7, while that of Enugu Shale is characterized mostly by type III which have an atomic
H/C between 0.7 and 1.0.

Based on pyrolysis data, kerogen classification diagrams were constructed using the Hy-
drogen Index (HI) versus Oxygen Index (OI), which is used to determine the kerogen type
(Fig. 7). The results show that the analyzed Nkporo Formation samples are of type IIl and IV
kerogen which is predominantly inert, while the analyzed Nkporo Shale samples are of type
III kerogen which is gas prone. Hydrogen Index, HI for Nkporo Formation and Enugu Shale
have an average value of 65.72mg HC/g TOC and 87.2972mg HC/g TOC respectively which
indicates gas prone.
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Fig. 5. Plot of GP (S1 + S2) versus Calc. %Ro of the Nkporo and Enugu Formations
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4.4. Thermal maturity of organic matter

The generation of petroleum from the organic matter during its burial history is a part of
the overall process of thermal metamorphism of organic matter [41, The concentration and distri-
bution of hydrocarbons contained in a particular source depend on both the type of organic
matter and its degree of thermal alteration [4.27.30], In the present study, the thermal maturity
level of the source rocks has been determined by the study of the geochemical parameters as
Rock-Eval temperature pyrolysis “Tmax"”, production index “PI"” [23:26,28] peters and Cassa, 23]
reported that oil generation from source rocks began at Tmax between 435-470°C, and pro-
duction index“PI” between 0.10 to > 0.25, the organic matters are in immature stage when
“Tmax” has a value less than 435°C, and “PI” less than 0.10 and the gas generation from
source rocks began at "Tmax"” greater than 470°C. Results of Hydrogen Index, HI, Tmax and
Production Index, PI for Nkporo Formation and Enugu Shale samples are shown in Table 2.

Based on pyrolysis data, kerogen classification diagrams were constructed using the Hy-
drogen Index, HI versus Tmax plot and Hydrogen Index, HI versus calculated vitrinite reflec-
tance was carried out by Espitalie et al., [281, These plots were used to determine the kerogen
type and maturity. The plot of Hydrogen Index, HI versus Tmax shows that the analyzed
Nkporo Formation samples are ranges from the immature to mature zone of type III and IV
kerogen, while the analyzed Enugu Shale samples of the studied area are at the mature stage
of oil window and also of type III kerogen (Fig. 8).

The plot of Hydrogen Index, HI versus calculated vitrinite reflectance shows that the Nkporo
Formation samples consist of kerogen which ranges fromtype IIl and IV. Some of the samples
within the type III kerogen fell into the oil window, while the analyzed Enugu Shale samples
of the studied area mostly within the type III kerogen also falls into the oil window (Fig. 9).

The plot of Production Index, PI versus Tmax diagram [24.291 shows that most of the Nkporo
Formation samples are immature source rocks, while the Enugu Shale samples are mature
source rocks except that of sample location ENU/20 and ENU/21 which are marginally mature
(Fig. 10). The plot of Production Index, PI versus calculated vitrinite reflectance, %Ro shows
that studied Nkporo Formation samples range from immature to the oil window, while most
of the samples gotten from the Enugu Shale are within the oil window (Fig. 11).
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o
a

The average value of Tmax for Nkporo Formation is 432.33°C which indicates an immature
stage for thermal maturity foroil (Table 4.9a), while that of Enugu Shale has an average value
of 438 °C which indicates an early mature stage for thermal maturity for oil (Table 2). The
average value of Production Index, PI, for Nkporo Formationis 0.10 which indicates an early
maturity stage foroil, while that of Enugu Shale has an average value of 0.06 which indicates
an immature stage forthermal maturity for oil. The cross-plot of Tmax and Calculated Vitrinite
Reflectance (%Ro) can be used to further understand the thermal maturity of the source rock
(Fig. 12a and b). This figure shows a positive correlation between both indices, and indicates
mostly thermally mature source rock except seven shale samples which indicate thermally
immature source rock in Nkporo Formation, while that of Enugu Shale indicates thermally
mature source rocks.
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Fig. 12a. Plot of Tmax versus Calculated Vitrinite Reflectance (%R0) to indicate source rock thermal
maturity of Nkporo Formation samples (Qadri et al. [311)
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The summary of the interpreted result of HAWK pyrolysis on shale samples of the Campa-
nian Nkporo Group shows that the Total Organic Carbon (TOC) content of Nkporo Shale ranges
from poor to very good source rock which is mostly thermally immature and the percent of
maturity is about 33.33%. The Total Organic Carbon (TOC) content of Enugu Shale ranges
from fair to very good source rock which is mostly thermally mature and can yield mostly gas
and little oil. The percentage maturity of Enugu Shale is about 71.47 (Table 3).

The correlation of various maturation indices and zone of petroleum generation and de-
struction shows that the vitrinite reflectance of Nporo Formation ranges from 0.36 to 0.81
%Ro while that of Enugu Shale ranges from 0.60 to 0.81% (Fig. 13). The Tmax of Nkporo
Shale ranges from 418 to 441°C while that of Enugu Shale ranges from 430 to 443°C. You
may recall that the Vitrinite Reflectance and Tmax are indicators in the maturity of organic
matter and has a benchmark of 0.60%Ro and 435°C respectively which reflects the early
maturity stage in the generation of hydrocarbon.
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Fig. 13. Correlation of various maturation indices and zone of petroleum generation and destruction of
the Nkporo and Enugu Formations (Jarvie [21])
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5. Conclusion

From the results of the geochemical analysis, The Total Organic Carbon (TOC) contents of
the Nkporo Formation and Enugu Shale varied from 0.41 to 2.42wt.% and 0.53to0 3.15wt.%
respectively. This showed that Nkporo Formation and Enugu Shale had fair to very good or-
ganic matter contents. The organic matter richness varied from 0.08 to 4.40mgHC/g for the
Nkporo Formation and 0.36 to 3.97mgHC/g for the Enugu Shale. Hydrogen Index versus
Oxygen Index plots and visual kerogen showed that the Nkporo Formation was of Type III/IV
while Enugu Shale was of Type III kerogen. The Thermal maturity index (Tmax) of the Nkporo
Formation and Enugu Shale varied from 418 to 443°C and 430 to 443°C respectively. These
suggested that the Nkporo Formation was marginally mature to mature while Enugu Shale
was mature. The results of this study has shown that the source rocks of the Nkporo Formation
is immature and has not generated hydrocarbon while that of the Enugu Shale is mature and
has generated hydrocarbon.
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Abstract

The aim of this paper is to show the possibilities of applying the quick FTIR molecular vibrational
spectroscopy with ATR technique and UV-Vis spectroscopy to determine the depositional
environment of organic matter in shale with its infrared and ultraviolet spectra. The technique is
employed for 20 shale rock samples of the Timah Tasoh (TT) formation (Lower Devonian), which
was collected from the Sanai Hill A located at Kampung Guar Jentik, Beseri District, Perlis,
Malaysia. Spectroscopic characterization was carried out to explore the hydrocarbon distribution
and type of humic substances presentin these shales. The FTIR spectra of the shale samples from
TT formation are divided into three zones, -OH groups stretching vibration, Alkyne C-H bending
bands in aliphatic hydrocarbons and the absorption spectrum of aromatic OPCH stretching and
aromatic IPCH stretching bands. In this paper, particular attention is devoted to the OPCH bending
vibrations between 690 and 900 cm~!. The absorbance values of aromatic OPCH, in shale of TT
formation, is in the range of 0.11-0.19. In terms of the E4/E6 ratio which was treated with
methanol and DCM, TT formation shows the dominance of humic acid within the samples. The
E4/E6 ratio treated with methanol and DCM in TT Formation ranges from 0.78 to 1.31 and 0.98 to
1.67 respectively. Alkyl naphthalenes have found in all samples of FTIR spectra at 690 cm ~(w),
775 cm1(s), 795 cm1(s) and 832 cm-! (w) bands in OPCH bending vibrations, suggesting their
sourcing mainly from terrestrial organic matter. Humic acid presence in TT formation shale
supports the FTIR results and indicates that the organic matter in these shales contains plant
derived hydrophilic minerals i.e. terrestrial in origin.

Keywords: Spectroscopy,; Depositional environment; Organic matter; Shale; Humic acid.

1. Introduction

FTIR spectroscopy is a frequently used technique capable of differentiating the hydrocarbon
functional group in shale or coal [*1, The functional groups of aromatic and aliphatic hydrocar-
bons can be determined. This can be done through the vibrational characteristics of their
structural, chemical bonds. The use of ATR accessories, by those using very hard crystals (like
germanium, silica, zinc selenide and diamond) characterized by their range of hardness values
and optical properties, has further advanced the use of FTIRin soils, shale, and coal 2!, Dilu-
tion with KBr is no longer necessary, reproducibility is increased, and the nondestructive na-
ture of this analysis allows the sample to be re-used for otheranalyses. Like FTIR, UV-Vis is
increasingly employed for in-field applications [3-51 for laboratory studies of crude oils and in
determining the type of humic substance [¢-71, For the organic chemist, UV- Vis is mostly con-
cerned in conjugated systems with electronic transitions; the intensities and positions of the
absorption band largely depend on the specific systemunder consideration 81,

Alkyl naphthalenes are widespread constitutes of geological and geochemical materials.
They are commonly found in oils and various types of sedimentary rocks such as shales and
coals 9121 Tt has been suggested that alkyl naphthalenes are derived mainly from the de-
functionalization of terpenoids, so they have the potential to provide information about their
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precursor, as well as depositional environment 2151, However, the presence of the alkyl naph-
thalenes by using FTIR spectra in shale rocks has not been commonly carried out. In the
present study, shales were collected fromthe Timah Tasoh (TT) Formation located at Sanai
Hill. There is a lack of data available on literature that focused on the spectroscopic charac-
terization of the shales in the TT formation. Furthermore, spectroscopic methods such as UV-
Vis and ATR-FTIR have been used in the evaluation of liquid petroleum yield of hydrocarbon
source rocks [16-18] However, the spectroscopic analysis used for the origin of organic matter
in the source or reservoir rocks have received very little attention to date. Therefore, the
objective of the present study is to use spectroscopic analysis and obtain the hydrocarbon
distribution and humic substance type, which will determine the source depositional environ-
ment of organic matterin shale.

2. Study area

A The Timah Tasoh Formation

= AitAnE conformably overlies pelagic
limestone of the Silurian Mem-
pelam Limestone and ranges
between 5 to 40 m in thick-
ness. It comprises dark to
mudstone, with occasional
cherts. The Timah Tasoh For-
mation exposed at Sa-nai Hill
A, B and C, Hutan Aji and Pu-
lau Langgun, Langkawi [*9-20],
In the present study shale
from Timah, Tasoh formation
has been collected from Sanai
Hill A (Figure 1). At the North
East of Hutan Lipur Bukit Ayer
in Kampung Guar Jentik, Be-
seri District, Perlis of Peninsu-

:::'m'::m lar Malaysia, just south of Ti-
S;:fmwm mah Tasoh Dam, the study

Permin e huplog area is located. It is about 16
| Foaly km north of Kangar. The sam-
e ples were collected from the

outcrop whichis located at the
coordinates of 6°33'18.00"N
100°12'24.00"E (Fig. 1).

Figure 1. Study area. (A) General Geological Map of Perlis. (B,C)
Timah Tasoh Shale beds from Kampung Guar Jentik outcrops

3. Samples and methods

At the Timah Tasoh formation, 20 samples of shale were handpicked through channel sam-
pling by using the method mentioned in 21 from exposures that were not weathered. All
samples were ensured that weathered exposures are removed by eliminating the surface ma-
terial. The rock samples were all air dried to remove any moisture present in the sample.
Colors of shale are varying from medium light gray to dark. All samples were crushed into fine
grains (2mm). Coning and quartering sub-sampling method were used to homogenize all of
the samples; this is to ensure that the samples are homogenized and reduce bias results as
well as increased the accuracy of the data [22], These samples were then used to carry out
spectroscopic characterization by using Attenuated total reflectance (ATR) Fourier transform
infrared spectroscopy (FTIR) and Ultraviolet-Visible Spectroscopy (UV-Vis).

Infrared measurements were made using a Cary 660 Series FTIR Spectrometer equipped
with PIKE MIRACLE diamond attenuated total reflectance spectroscopy (ATR). Data collection
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was done using the Resolutions Pro software package which was also used for background
and automatic baseline correction of all spectra. Spectra were acquired at transmittance mode
from 16 codded scans between 4000 and 400 cm™ at a resolution of 4 cm'?, then area nor-
malized prior to further analysis. The limit of detection of the instrument is 0.08%. Background
scans were collected using the same settings as the sample analyses. Replicate spectra col-
lected on selected samples showed consistent peak positions and absorbance intensities. The
data collected was further analyzed using the software called Essential FTIR. The area per-
centage of hydrocarbon functional groups was calculated by summing the absorbance inten-
sities between the respected wavelength [23],

The ultraviolet-visible (UV-Vis) is used in analytical chemistry. The main purpose for UV-
Vis is mainly to study the E4/E6 ratio. E4 is determined at the absorption frequency of 465
nm, and E6 is determined at the absorption frequency of 665 nm. For identifying the type of
humic substance dichloromethane and dichloromethane: methanol was used as a solvent.
Both chemical reagents and solvents had a high degree of purity and were used without prior
purification. The spectra in the UV-VIs were obtained according to procedures described in
Cunha et al. [24], This study evaluated the nature of humic material by determining the E4/E6
ratio. The U.S. EPA method 3550 was used. 2.0g of each sample was weighed and treated
with 8ml of methanol each. Later, 3 minutes of ultrasonic stirring was carried out followed by
5 minutes of centrifugation. The extraction of each of the 10 samples was analyzed using
Shimadzu UV-3150 UV Vis Spectrophotometer by pacing the liquid samples in quartz cells.
The range of the scanning wavelength was 400 nm- 700 nm.

4. Results
4.1. Ultraviolet-Visible spectroscopy

It is suggested that the values of the relationship E4/E6 for humic acid are smaller than 5.0
and between 6.0 and 8.0 for fulvic acids [24]. In term of the E4/E6 ratio which was treated
with methanoland DCM, TT Formation shows the dominance of humic acid within the samples
(Table 1). The value of E4 and E6 that are treated with methanol and DCM are range from
0.05t02.91,0.04to02.73 and 0.08 t0 1.98,0.06 to 2.22 respectively. Almost equal values of
E4 and E6 also indicate the presence of humic acid in TT Formation. The E4/E6 ratio treated
with methanol and DCM in TT Formation ranges from 0.78 to 1.31 and 0.98 to 1.67 respec-
tively (Table 1).

Table 1. UV-Vis results of shale from TT Formation treated with methanol and DCM

AbEErbaEs Absorbance in DCM Absorbance in Absorbance in DCM
methanol methanol

Sample E4 E6 E4/E6 E4 E6 E4/E6 Sample E4 E6 E4/E6 E4 E6 E4/E6
TT-1 2.91 2.73 1.07 0.12 0.11 1.11 TT-11 1.87 1.66 1.13 0.24 0.22 1.08
TT-2 0.14 0.11 1.26 0.22 0.13 1.67 TT-12 2.64 2.47 1.07 0.21 0.21 0.98
TT-3 0.50 0.46 1.08 0.21 0.14 1.51 TT-13 0.39 0.32 1.23 0.21 0.17 1.20
TT-4 0.10 0.08 1.21 0.23 0.23 0.97 TT-14 0.27 0.23 1.14 0.79 0.78 1.01
TT-5 0.81 0.73 1.11 0.15 0.14 1.05 TT-15 0.05 0.04 1.26 0.15 0.12 1.24
TT-6 1.12 1.02 1.09 1.58 1.50 1.05 TT-16 0.05 0.04 1.31 0.13 0.11 1.23
TT-7 2.38 2.09 1.14 0.68 0.80 0.85 TT-17 0.04 0.03 1.23 0.13 0.11 1.24
TT-8 0.40 0.33 1.21 1.98 2.22 0.89 TT-18 0.04 0.06 0.78 0.14 0.11 1.22
TT-9 0.76 0.62 1.23 0.72 0.74 0.98 TT-19 0.11 0.09 1.19 0.08 0.07 1.26
TT-10 1.62 1.50 1.08 0.10 0.07 1.46 TT-20 0.95 0.91 1.04 0.08 0.06 1.29

4.2, Fourier transform infrared spectroscopy

The ATR-FTIR analysis was conducted to characterize the functional groups in the shale.
The FTIIR spectra of the shale samples from TT Formation is divided into three zones,-OH
groups stretching vibration, Alkyne Aliphatic =C-H bending in Aliphatic hydrocarbons and the
absorption spectrum of Aromatic In plane C-H (IPCH) bending and Aromatic out-of-plane C-H
(OPCH) bending (Table 2 and Figure 2).
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Table 2. Functional groups identified through FTIR spectra of the shale in the TT formation

Alkyne APH i;onn;?r;c;c ,Oé)r;aonn;ialr]tgc Aromatic -OH
700-600 900-690 1275-1000 C=C stretch- Stretching
Samples =C-H bend- ing 3600-3000
. Out-of-plane In-plane C-H
ing . - 1430-1650
Absorbance C-lil Zencling Eemelng Absorbance Absorbance
Absorbance Absorbance
TT-1 0.069 0.112 0.159 0.011 0.015
TT-2 0.098 0.153 0.225 0.013 0.020
TT-3 0.150 0.182 0.266 0.016 0.023
TT-4 0.134 0.173 0.247 0.010 0.016
TT-5 0.097 0.129 0.195 0.007 0.014
TT-6 0.145 0.191 0.268 0.013 0.018
TT-7 0.133 0.171 0.253 0.020 0.015
TT-8 0.142 0.177 0.251 0.016 0.018
TT-9 0.141 0.162 0.234 0.017 0.018
TT-10 0.155 0.197 0.280 0.020 0.023
TT-11 0.162 0.195 0.274 0.021 0.024
TT-12 0.134 0.144 0.210 0.018 0.021
TT-13 0.147 0.179 0.252 0.020 0.018
TT-14 0.119 0.127 0.202 0.023 0.015
TT-15 0.089 0.158 0.225 0.037 0.020
TT-16 0.104 0.191 0.266 0.034 0.021
TT-17 0.069 0.131 0.302 0.120
TT-18 0.098 0.125 0.262 0.133
TT-19 0.150 0.158 0.037
TT-20 0.134 0.191 0.034
4.5 AromaticOPCH

Aromatic IPCH ATR Diamond Hydroxyl group OH

Figure 2. FTIR spectra of few shale

samples from the TT Formations in

the wavenumber 4000-500 cm?,

showing the Aromatic OPCH bend-

: : : ing bands, Aromatic IPCH bending

o : : bands, ATR Diamond and -OH stret-
: : ching bands
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The critical region of the infrared spectrumfor assessing alkyne C-H bending bands in ali-
phatic hydrocarbon is 600-700 cmt. Aromatic OPCH bending appears in the regions 900-690
cm™! and Aromatic in plane C-H bending observed in the region of 900-1250 cm. Intensity
peak of free OH-compounds is detected in the region of 3700-3200 cn! [25-281 All samples of
shale in TT Formation contains alkyne C-H bending bands, aromatic in plane C-H bending and
Aromatic OPCH bending (Figure 2). The absorbance values of aromatic OPCH, aromatic IPCH
and aromatic C=C stretching in shale of TT Formation are in the range of 0.11-0.19, 0.15-
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0.30 and 0.007-0.133 respectively (Table 2). Only one aliphatic hydrocarbon functional group
(Alkyne APH) has identified through FTIR spectra. The absorbance values of Alkyne APH in
shale of TT Formationis in the range of 0.069-0.162 (Table 2). This study is focused on aro-
matic hydrocarbons to determine the source depositional environment of organic matter.
Therefore, particular attention is given to Aromatic OPCH bending bands.

5. Discussion
5.1. Humic acid and its relation to the source of organic matter

Humic acid is one of the organic constituents of oil shale. It has been considered to be a
major kerogen precursor, which in turn can be a major petroleum precursor [2°1, Humic acid
deposited in shale as the death of thick growth of vegetation, it accumulated in large piles,
and as geological time passed, it was buried from rock and mudflows and deposits of sand
and silt. The weight of the overflow compacted or compressed out all the moisture, and what
remains today is a deposit of dried, prehistoric plant derivatives. Therefore, the presence of
humic acid in TT formation shale indicates that these shales contain plant derived hydrophilic
minerals which are very small in size compared to metallic minerals which come from the
ground up rocks and soil. It is suggested that a higher degree of aromacity of humic acid in
shale was evidenced by lower E4/E6 ratio [?41, Therefore, we predicted that four samples (TT-
15-18) of TT formation, which shows relatively low absorbance values of E4/E6 (Table 2),
indicating the degree of aromacity is much higher in these samples as compared to other
samples.

5.2. Alkyl Naphtlenes and its relation to the source of organic matter

Some of the aromatic compounds found in crude oils and sediments are believed to have
been derived from a modification of biologically produced compounds such as steroids and
terpenoids. steroids give rise to substituted phenanthrenes, and terpenoids appear to produce
alkylnaphthalenes. The processes by which higher plant triterpenoids in sediments are con-
verted into aromatic hydrocarbons have been proposed to commence with loss of the C-3
oxygen functionality, followed by sequential aromatisation fromthe A ring through to the E
ring the ultimate products of this process would, therefore, be tetracyclic and pentacyclic ar-
omatic hydrocarbons 3?1, Alkyl naphthalenes are derived from various precursor compounds
and their composition change with increasing thermal maturity. However, alkyl naphthalenes
are often abundant in oils and sedimentary organic matter which have undergone biodegra-
dation or thermal cracking. Alkyl naphthalenes generally occurin terrestrial oils and rocks in
higher concentrations than in marine oils and rocks, suggesting their sourcing mainly from
terrestrial organic matter 311,

5.3. The 700-900 cm™ region

Usually, aromatic hydrocarbons are dominated by the OPCH (700-900 cm!) bend vibrations
[32-331  Correlations for substituted benzene rings may be applied to polynuclear aromatic
compounds, but the known absorption regions for the OPCH bending vibrations must be broad-
ened. The ranges are as follows: 4 adjacent hydrogens--(720-780 cm!), 3 adjacent hydro-
gens--(780-800 cm!), 2 adjacent hydrogens--(800-910 cm!), 1 hydrogen--(860-910 cm?).
Although the patterniis fairly complex, these bands can be identified as the strongestin this
region. Weak and medium bands are no indication as to the type of substitution. The absom-
tion bands of the studied shale in this region are listed in Table 3 [34],

Naphthalenes substituted in the 1-position showed a doublet at 800 and 780 cm™* which
can be attributed tothree and four adjacent hydrogen atomvibrations. When substituents are
in the 2-position, the expected band at 900 cm™* for a single hydrogen atomis weak. The 900
cm? band varies in strength with the number of single hydrogen atoms present and is very
strong when they are in the 9,10- position [35],
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Table 3. Distribution of aromatic out of plane banding bonds in TT shale samples

Sample Data Aromatic out of plane banding
Pentylnaphthalene (C15H18)
Wavenumber (cm™!) 694.74 778.97 798.11 827.52

T Absorbance 0.08 0.14 0.14 0.09
TT-2 Wavenumber (cm™!) 694.39 778.82 797.80 827.17
Absorbance 0.11 0.19 0.20 0.12
TT-3 Wavenumber (cm™!) 694.46 778.78 797.39 827.17
Absorbance 0.13 0.23 0.25 0.14
TT-4 Wavenumber (cm™!) 694.07 778.70 797.23 827.37
Absorbance 0.14 0.22 0.23 0.12
TT-5 Wavenumber (cm™1) 693.24 777.24 795.42 829.69
Absorbance 0.11 0.19 0.17 0.05
-6 Wavenumber (cm™!) 694.19 778.17 797.04 827.80
Absorbance 0.15 0.25 0.26 0.13
7.7  Wavenumber (cm™)  74.06  58.53 57.34  80.05
Absorbance 0.13 0.23 0.24 0.10
TT-8 Wavenumber (cm™) 694.35 778.17 796.96 827.72
Absorbance 0.13 0.23 0.24 0.12
TT-9 Wavenumber (cm™!)  694.07 778.10 796.92 827.83
Absorbance 0.13 0.21 0.22 0.11
TT-10 Wavenumber (cm™!) 694.23 778.74 797.31 827.68
Absorbance 0.15 0.25 0.26 0.14
TT-11 Wavenumber (cm™!) 694.23 778.66 797.23 827.52
Absorbance 0.15 0.24 0.26 0.14
TT-12 Wavenumber (cm™) 694.07 778.74 797.43 827.48
Absorbance 0.11 0.18 0.19 0.10
TT-13 Wavenumber (cm™!) 694.19 777.98 796.92 828.11
Absorbance 0.14 0.24 0.24 0.12
TT-14 Wavenumber (cm™!)  694.07 778.06 797.04 828.26
Absorbance 0.11 0.19 0.19 0.08
TT-15 Wavenumber (cm™1) 779.01 798.54 830.76
Absorbance 0.07 0.08 0.07
TT-16 Wavenumber (cm1) 778.97 798.62 831.15
Absorbance 0.08 0.09 0.08
TT-17 Wavenumber (cm™1) 777.90 797.88 830.15
Absorbance 0.11 0.11 0.08
TT-18 Wavenumber (cm1) 778.54  798.03 831.23
Absorbance 0.09 0.10 0.07
TT-19 Wavenumber (cm™!) 693.96 778.58 796.88 826.37
Absorbance 0.14 0.21 0.22 0.12
TT-20 Wavenumber (cm™1) 694.31 777.94 796.81 827.80
Absorbance 0.16 0.27 0.29 0.14

In the present study, alkyl naphthalenes (pentylnaphthalenes) confirms by the presence of
two strong and two weak bands in the OPCH (700-900 cm'!) bend vibration region 341, These
are 690 cmt (w), 775 cm! (s), 795 cm?t (s) and 832 cm! (w). The absorbance range of
strong bands, i.e. 795 and 775 cm® bands in TT shales between the range of 0.29-0.08 and
0.27-0.07 respectively. Weak bands of pentylnaphthalenes at 695 and 832 cm'! between the
range of 0.16-0.08 and 0.14-0.05 respectively (Table 2, Fig. 3). 690 cmm! bands were absented
in TT15-18 samples only (Table 2, Fig. 3). However, 710 cm™ band can be seen in these
samples which show, might be 690cm™! bands were shifted due to the actual frequency shift
of a single absorption band or alternatively by the relative intensity changes of overlapped
bands [3¢]1, It has also observed that the absorbance values of pentylnaphthalenes in these
four samples are relatively very low as compared to all other samples (Table 2).
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Figure 3. FTIR spectra of TT shale showing Aromatic OPCH region
6. Conclusions

The study showed the significance of spectroscopic techniques to determine the source
depositional environments of organic matterin shale. Three divisions have been made in FTIR
spectra of the shale samples fromTT Formation: -OH groups stretching vibration, Alkyne C-H
bending bands in Aliphatic hydrocarbons and the absorption spectrumof Aromatic OPCH and
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Aromatic IPCH. Alkyl naphthalenes have found in all the samples of FTIR spectraat 695 cm
(w), 775 cm(s) and 795 cm(s) and 832 cm! (w) bands in OPCH bending vibrations, sug-
gesting the terrestrial origin of organic matter. The E4/E6 ratio treated with methanol and
DCM in TT Formation shows the dominance of humic acid. Presence of humic acid also indi-
cates that the organic matterin these shales is terrestrial in origin. Only four samples (TT-15-
18) show relatively low absorbance values of both humic acid and pentylnaphthalenesin FTIR
and UV-Vis spectra.
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Abstract

Fluid saturation is one of the most important parameters that is used to determine the properties
of oil reservoirs. In clean formations, water saturation is calculated by Archie’s relation. However,
in shaly zones, Archie’s formula should change, or a new model should be generated that connect
saturation with petrophysical parameters of the reservoirs such as the volume of shale, effective
porosity and specific resistance. This practical study has used actual well logging data from the
field of South West of Iran to evaluate and compare the most popular fore shaly limestone models
for calculating water saturation. In this study, water saturation was calculated by Indonesia, Wax-
man-Smiths, Simandoux models and CEC on Asmari reservoirs in one of the wells of Kupal oil
field. The results show that shale volume models calculate the rate of water saturation more than
CEC models. In smaller reservoirs zones, the use of CEC models brings results that are more
realistic. Asmari formation is the main hydrocarbon reservoir in the South-West of Iran.

Keywords: Petrophysics, Water saturation, CEC model, Asmari formation, Kupal oil field.

1. Introduction

Porosity and saturation of fluid are important parameters that are used to determine the
properties of oil and gas reservoirs [*1. One of the most important goals of the analyst is to
determine a fraction of vacancies filled with hydrocarbons. The saturation is equal to the ratio
of saturated vacancies volume of the fluid (Vn,Vw) to the total volume of vacancies (Vy).
Saturation is used for water (Sw) and hydrocarbon (Sh) (relations 1 and 2).

Sw = V/V; (1)
Sh = V!V (2)

Shale is the most important components of the rocks in the analyzer and have an important
effect in the permeability and porosity. They have an important effect on the electrical prop-
erties of the rock due to certain electrical properties and influence the saturation.

In the clean formations (without shale), water saturation is calculated by Archie’s relation [21,
In shaly formations, the negative ions of clays freely move within the formation and create
conductivity. The use of Archie model [2! in determining the saturation in the shaly formation
shows the amount of saturation more than the actual amount 31, The Archie formula relates
the specific resistance of the formation and saturation to each other. Assuming that only the
electrolyte, which presents in the vacant spaces can have flow conductivity, and other parts
of the rock are nonconductive ], in the presence of the shale, the Archie formula should
change, orshould be considered under the influence of shale or there should be a new model
that provides for saturation and special resistance in shaly formations.

2. Geological setting

The Kupal oil field is located at 66km NE of the Ahwaz City and in the middle of Dezful
Embayment. This oil field is asymmetry and between Haftkel in the north, Marun in south and
Ahwaz in the west. This anticline is an asymmetrical structure with NE-SW trend, and southem
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flank dip is higher than northern flank and causesto change the axis to follow the west trend
in the northern part and southern trend in the west. The thickness of Asmari reservoirin this
field is about 350 m and is divided into 8 zones based on petrophysical data. The most im-
portant character of Asmariis the presence of extended natural fracture systems which causes
high productivity of wells not withstanding low matrix porosity (8% on average) (Figure 1).

Figure 1. Located of Kupal oil field in Dezful embayment, near the other oil fields, Southwest of Iran
3. Methodology

In this study, the raw data of Asmari formation from well No.54 of Kupal oil field was
evaluated via GEOLOG software ver.6.7.1 (made by the Paradigmncompany) and petrophysical
parameter such as shale volume, Clay mineral type, and water saturation were investigated.
It is considered an advanced management tool that facilitates maximum production fromthe
reservoir [51,

4. Results and discussion
4.1. Lithology

One of the main applications of petrophys-
ical data is Lithology detection. Identification
of lithological composition is an important
205 —1—T—1—F—T1—T1—1 7 step in the evaluation of reservoirs zone from
) b+ non- reservoir zone. In the Asmari formation,
two parts have been identified, including the
sandy lime and shale with Oligocene Numo-
lites and the Kalhor lime part that consists of
TV o cream to white lime and dolomitic lime [l
Gammaray Various graphs are used to determine the

i lithological composition. It is possible to iden-
tify the composition of major minerals in the
reservoir such as quartz, calculate, anhydrite

‘ S i TR e e B E and dolomite using these logs. Before using

P B S Il i Density-Neutron-Gamma (NPHI-RHOB -GR)
58 33 & = 3 ] crossed plot. First it is necessary to correct
WIRE. NPHI (V/V) the logs in terms of shale and hydrocarbon.

Color : Maximum of WIRE.GR The logs can identify up to three different
minerals. The neutron log is of NPHI type,

Figure 2. Cross plot of Neutron-Density-GR, Well a.nd the density. log is (?f RHO t.yp.e. The loca-
No.54 in Kupal oil field tion of the plot is a point that indicates the

WIRE. RHOB (G/C3)

0.232
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percentage of lithology with respect to the distance of the point fromthe background lines 71,
Most of the points are in the limestone and dolomite range. Gamma ray point on the dolo-
mite and limestone lines indicate the presence of shale, but the amount of shale has de-
creased in the sandstoneline. This indicates an increase for shale in the lime to dolomite of
Asmari formation (Figure 2).

4.2. Volume of shale

Different equations and models of the saturation of shaly formations are divided into two
groups. These are models that are based on the percentage of shale volume and note that the
effect of shale depends on the amount of shale volume in the reservoir without beings asso-
ciated with clay minerals. This model is not scientifically accurate because shale’s volume is
only used to justify the saturation 81, The advantage of this model is that all of the necessary
parameters can be obtained fromthe data of the graph such as total shale, Juhas, Simandoux,
and Indonesia.

4.2.1. Simandoux model

In 1963, Simandoux obtained this model by testing on a dry mixture of the sand and mont-
morillonite 91,

— "[[2Bw 1) _|Vsn
s~ i) 2] @

In relation 3, S, is water saturation, ¢ is total porosity, R, is the resistance of formation,
V,, is shale resistance, Ris the volume of shale, Ry is specificthe resistance of water, mis satu-

ration power, nis the coefficient of cementing and a is winding factor. The percentage of water
saturation frequency is 4-96 present in this model.

4.2.2. Indonesia model

Indonesia model was presented by Poupon
and Leveaux in 1971 [*°1that known as Indo-
nesia. It was presented to use in Indonesia
because the presence of sweet formation
waterand high shale percentage caused the
inefficiency of other formulas in the country.
This formula statesthat Vshhas a power that
is a function of Vg itself.

I 1

(4)
V(Z—Vsh) V(ZVSh)
;_‘_2 _S.h_+_5.h_
FRyy, FRwRgp Rgp

In (4) relation, S,, is water saturation, R
the resistance of formation, Vs shale re-
sistance, Ry, shale volume, n the confidant
S of cementing, Rw specific resistance of water
= and F is formation resistance factor. The per-
10— 100 centage of water saturation frequency has

Color : Maximum of WIRE.GR been given as 7-93 percent in Indonesia
model.

In figure 3, identified the Sw of Asmari
formation for well No.54, based on Indone-
sia model and data from PHIE, RT, and GR

log.

0.1

MM. PHIE (V/V)

R¢

0.01

S

Figure 3. Water saturation (Sw) of Asmari for-
mation for well No.54, based on PHIE to RT
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4.3. CEC models
Clay minerals consist of a tetrahedral and octahedral structure of silica and aluminum. Due
to the placement of cations with a low positive charge in clay sheets, a hegative charge is
generated in the clay. In order to neutralize this negative charge, ions with a positive charge
(cations or exchange ions) accumulate at the surface of clay minerals [*!1, The ability of clay
mineral to form a dual electric layeris called Cation exchange capacity (CEC). To measure this
property, the sample containing clay is first saturated with salty water, and then the barium
solution passes fromthe sample. Sodium is substituted by Barium, and the amount of substi-
tution is measurable. The amount of positive charge on the clay surface is called Cation ex-
change capacity (CEC). The CEC value should be measured in the laboratory and using a core.
Although the CEC measurement is simple and is considered as a titration, but in the absence
of core and not calculating it from the graph the use of CEC based formulation is limited. The
effect of clay on the characteristics of the reservoir and Charts depends on the clay mineral in
formation. According to this crossover chart and the plotted points in this formation, the type
of Asmari clay minerals are mostly Illite and Montmorillonite with different percentages. Figure
4 shows the specification of the type of clay minerals in Asmari formation (Well No.54) using
Th/Kchart.
The use of two-layer ionic is not simple because QW value shows a different value in dif-
ferent laboratories [*2], @, is the amount of ions that interact with shale. Qv value is calculated

according to relation (5).

25
5] >
g Q:’ Possible 100% Kaolinite,
. B sl (s 100% Illite Point—
20 § — ! ! — =
& aolinitt M | \_m——t——"
—a- =i —|—— 788 %D
~ [ 7§ . |-
E15l—a | =
X
3
g 5 ¥ =70 % Illite
2102 k2
] =
= &S ~40%
= Micag
- . -
<% %o o icas
s B P . % e
5 ¥ ®@"8>"~30"% Galoconite TH/K.: 0.6
al0comte ——rafdspar—, — = Th/R 0.3}
————— Potassium Evaponltcs --30% Feldspar
1 P 3 4 -]

Potassium (%)

Figure 4. Identify the type of clay minerals for well No.54 in the Kupal oil field

Quv=CEC(1—@).pmag—1 (5)

In relation5, CEC is cation exchange capacity, ¢ is porosity and pma is the density of matrix.
The values of porosity and density of the matrix are obtained fromwell logging, but CEC value
is calculated based on the core samples, and its value is different in different wells. The result
of a well cannot be generalized to other wells of the same field. This relation has many prob-
lems. For example, changing the size of the grains and the amount of cementation, the po-
rosity value also changes [13],

This model is scientifically more acceptable. To use this model, it is necessary to calibrate
the shale- dependent parameters against some petrophysical quantities of the graph such as
Waxman- Smiths and dual - water models. The examination of the formation with each of
these formulas may lead to a result, which is not similar to otherformulas.
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4.4. Waxman - Smiths model

Waxman and Smiths [*4! proposed an equation for the relationship between saturation and
the specific resistance of the shaly formations. In this equation, additional conductivity in the
rockis related to the CEC.

Rw
SZ + BQ,R,,S,, — ;'"Rt =0 (6)

In equation (6), S,, is water saturation, F is formation factor associated with the related
porosity, B is equivalent to the conductivity of clay cations that contain sodium, ¢ is total
porosity, mis saturation power, a is winding factor, R, isthe resistance of formation, R, is
the specific resistance of waterand @, represents CEC perunit volume of vacancies.

Parameter B in Waxman - Smiths formula is the equivalent conductivity of NaCl and is a
function of temperature and concentration of the salts.

_ —1.28+0.225T—0.0004059T>
"~ 1+(0.045T—0.27)RL23

(7)

In relation (7), T is the temperature in Celsius degree, and Ry is the specific resistance of
water.
Parameter Q. is related to CEC according to relation (8).

CECxpp(1—¢)
Qp="""0—" (8)

In relation (8), pis total density and ¢ is total porosity that can be obtained from the
graphs. One of the main drawbacks of this model is that it does not take into account the
absorbing properties of the clays [*41, This model calculated the percentage of water saturation
frequency between 18-82 percent.

4.5. Dual Water model

Clavier, Coates, and Dumenaoir presented initial dual water model in 1977, and the latest

version was completed in 1984 151, This model is based on 3 principles:

1. the conductivity of the clay results from CEC,

2. the CEC value of the pure clay is proportional to the specific surface of the clay mineral,
3. Clay is considered as an agent clinging to the water of crystalline clay.

The mineral clay alone is insulated. The electrical conductivity of the clay minerals is due
to the waterclinging to them and is not related to the type of clay mineral, andis a function
of temperature and salinity of the formation water [*51, According to the above three principles,
the relation of dual- wateris as follows.

_ (Swt—Swb)
Sw = [ (1~Swp) ] ®)
In relation (9), Sw is water saturation S, is total saturation and S, is the saturated water

clinging to the clays. The percentage of water saturation frequency has been calculated to be
27 to 73 percent.

4.6. The comparison of water saturation models

The mean water saturation in the models o shale volume is higher than the mean water
saturation in CEC models. Therefore, shale volume models show higher water saturation (Figu-
re 5). On the other hand, in reservoir areas with low content of water and oil, the minimum
water saturation in CEC models is more than shale volume models because the volume of
shale is low in small reservoir areas, water saturation is measured by low shale volume models
that these models don’t show accurate results in small reservoir areas. In small reservoir
areas, CEC models show the amount of actual water saturation because they measure this
amount based on the cation exchange capacity of the clays (Figure 6).
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Figure 6. The mixed graph of water saturation models in Kupal oil field, well No.54.

5. Conclusions

The minimum and maximum percentage of water saturation frequency in Simandoux, In-
donesia, Waxman-Smiths and dual- water is measured as 4-96, 7-93, 18-82 and 27-73 re-
spectively. The mean of water saturation in shale volume models is higher than the mean of
water saturation in CEC models. In reservoirs areas with low content of water and oil, shale
volume models calculate the amount of water saturation higher than CEC models. In smaller
reservoir areas, the results of water saturation of CEC models are closerto reality.
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Abstract

The distribution of organic matter in process waters originating from crude distillation units of
LUKOIL Neftohim Burgas refinery were determined. The organic matter was identified by gas chro-
matography-mass spectrometry as the oxygen-containing compounds (naphthenic acids and phe-
nols) and the sulfur-containing species mainly cyclic polysulfides. The levels of phenol compounds
and naphthenic acids species were ranged between 0.05 to 24.4 mg/L and 0.05 to 3000 mg/L,
respectively. This study showed that the sulphur species were varied between <0.05 to 24.6 mg/L.
The result of this research can be generalizable as the deeper understanding of the substance
composition in process wastewater and a theoretical basis for their control and reused. The iden-
tification of corrosion substances in refinery effluent will be useful for the protection of the tech-
nological equipment.

Keywords: naphthenic acid species (alicyclic carboxylic acids); phenolic compounds,; polysulphur components;
refinery process waters,; gas chromatography-mass spectrometry.

1. Introduction

During the refining process, large volumes of wastewater are generated, as their quality
varies widely, and usually, their volume is up to 1.6 times the volume of the oil being pro-
cessed [, In recent decades, due to the growing importance of crude oil for industrial devel-
opment, efforts have been made to improve the management of process waters from petro-
chemical facilities [2-31, In this aspect of efforts, engineers continue to seek solutions for the
characterization of production waters due to the occurrence of corrosive problems related to
the technological equipment in the refineries. Studying the polar compounds that raise envi-
ronmental and toxic issues in the petroleumrefinery business, is a major challenge to analyt-
ical practice and analytical control.

Wastewater from oil refineries has a significant impact on the pollution of surface water
systems because they contain different amounts of hazardous pollutants [#-*1, Among the polar
components of petroleum, which contain heteroatoms, are naphthenic acids and phenolic com-
pounds - the most common oxygen-containing classes of compounds. Additionally, naphthenic
acids and phenolic components have been reported as one of the corrosive substancesin the
refinery 671, The presence of naphthenic acids and sulfur compounds significantly increase
the corrosion in high temperature process parts during the distillation of petroleum €1, Corro-
sive problems in refinery equipment arise during the treatment of highly acidic types of oil.
Corrosion mainly affects transmission pipelines between preheating furnaces and atmospheric
and vacuumdistillation units. Naphthenic acids may cause corrosion problems at temperatures
between 220°C and 350°C in production equipment, storage, and transport facilities 81, In
the refining process, even the presence of small quantities of naphthenic acids in crude oil can
cause operational problems such as foamformation in different production units. Traditionally,
naphthenic acids are defined as mono carboxylic acids, which comprise one or more saturated
cyclic ring structures in their molecule. In addition, linear carboxylic acids often refer to the
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naphthenic acid class ®1. One of the most important environmental pollutants is phenol and
alkyl phenol derivatives. The concentration range of phenolic compounds, naturally occurring
organic chemicals, in the process water worldwide ranges from0.6 to 23 mg/L %1, They also
have their presence in wastewater from the petrochemical industry and oil refineries [**-17],
In addition to its highly corrosive property, the phenolis also a serious agent in the poisoning
of the nervous system of the living organism. Phenol causes harmful side effects such as
acidity in the mouth, diarrhea, disturbed vision, etc. It is a highly toxic and dangerous agent
for aquatic fauna 81, Naphthenic acids are highly toxic for a num-ber of organisms. Low
molecular weight naphthenic acids, in petroleumsands, are the most significant ecological and
toxic pollutants [19-20.441,

Sulfur compounds are the most discussed and undesirable components of petroleum prod-
ucts during technological refining processes. In general, sulfur occurs in the form of hydrogen
sulphide, organic sulphides, disulfides, polysulfides, benzothiophene, dibenzothiophene and
their derivatives [?*1, These compounds cause corrosion in refinery process equipment at tem-
peratures of 230°C to 425°C [22]1, Heterocyclic polysulfide species are found in petroleum
wastewater, with concentrations of these substances reaching 41 mg/L [23-24],

In each case, identification of corrosion substances in refinery effluent is required and an
assessment of the degree of their negative environmental and technological impact. To this
end, it is necessary to identify low molecular weight naphthenic acids, phenolic, and cyclic
polysulfide compounds in order to select appropriate measures for the protection of the tech-
nological equipment against possible corrosive processes and for the protection of the envi-
ronment.

The characterization and structural determination of naphthenic acids from various sources
have been investigated using a wide range of diverse analytical techniques and tools. The
apparatus used is exclusively based on chromatographic separation by gas chromatography
(GC) or high performance liquid chromatography (HPLC) methods, followed by detection by
electron impact (EI) or electrospray ionization mass spectrometry (ESI) [5:26-271 The ionization
technique used depends on its compatibility with chromatographic eluates and assembled de-
tectors, which may be high or low resolution mass spectrometers. Alternative ionization tech-
niques for the analysis of haphthenic acids include fast atom bombardment (FAB-MS, which is
used to a minor extent) or, more commonly, atmospheric chemical ionization (APCI) or pho-
toionization (APPI) [8-151 Many approaches for characterization of naphthenic acids include
liquid extraction and reprocessing or fractionation of naphthenic acids prior to analysis, meth-
ods such as solid phase extraction (SPE), silverion chromatography (Ag-Ion) orion exchange
chromatography (IE). Most steps include preparative gas chromatography and supercritical
fluid extraction (SFE). Modern chromatographic techniques include multiple gas chromatog-
raphy-mass spectrometry (GCxGC-MS), gas chromatography coupled with Fourier transfor-
mation-ionic cyclotron resonance mass spectrometry (e.g., GC-APCI FT-ICR MS and GC-TQ
FT-ICRMS), liquid chromatography (HPLC) or supercritical liquid chromatography (SFC)ion-
trap mass spectrometry (HPLC-or SFC-Orbitrap MS). The wide range of techniques including
basic mass spectrometry is summarized in the numerous reviews and reports published over
the past decade [9:25:28-34,43]

Numerous studies have demonstrated the application of gas chromatography-mass spec-
trometry and high performance liquid chromatography for the analysis of phenolic compounds
in wastewater [8-12],

A number of publications describe applications of the gas chromatography method with the
various selective detectors-mass selective detector, sulfur-selective detector, a flame-
photometric detector for the analysis of a number of organic sulfur compounds [28-3°],

Many of the different methods for identifying and characterizing naphthenic acids, phenolic,
and cyclic polysulfide compounds have respective advantages and disadvantages, but there is
currently no universal method covering both quantitative and qualitative study of these polar
components. Various information about themfrom various sources related to various extrac-
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tion and preparation procedures, derivatization methods, ionization techniques, chromato-
graphic conditions, mass spectral parameters, and even data representation are all factors
that affect the actual and final composition of naphthenic acids, phenolic and cyclic polysulfide
compounds in refinery effluent [3-401,

In this project, gas chromatography-mass spectrometry is applied in the chemical charac-
terization of organic matter in process waters originating from crude distillation units of LU-
KOIL NeftohimBurgas refinery. These organic matters are identified as the oxygen-containing
compound (naphthenic acids and phenols), and the sulfur-containing species mainly cyclic
polysulfides. The objective of the current study was also to determine the organic matter
contents. The distribution of organic compounds in the process waters indicates a possible
health risk to aquatic organisms. Our work will provide a deeper understanding of the sub-
stance composition in process wastewater and a theoretical basis for their control and reused.

2. Experimental
2.1. Materials, extraction

Analytical grade standard of the phenol is obtained from Merck (Bulgaria). Commercial
naphthenic acids technical grade (a mixture of alkylated cyclopentane carboxic acids) is ob-
tained from Sigma Aldrich (Buchs, Switzerland). Dichloromethane is purchased from Merck
and is Uvasol grade solvent. The extraction procedure is described in details previously [36-37],

2.2. Wastewater samples

Wastewater samples are gathered fromthe technological facilities of atmospheric-vacuum
distillation unit of LUKOIL Neftohim Burgas AD (LNB), Bulgaria. Three-distillation process fa-
cilities operate in LNB: AD-4- an atmospheric distillation of crude oil, AVD-1 integrated at-
mospheric and vacuum distillation of crude oil and VDM-2-vacuum distillation of atmospheric
residue. The wastewaters fromthese units generally have different origins.

2.3. Instrumentation

The gas chromatography-mass spectrometry (CG-MS) analyses are performed in an Agilent
Technologies 7890A model gas chromatograph connected to a 5975C Inert XL EI/CI Agilent
Technologies mass selective detector (Agilent Technologies, Inc., USA). GC-MS system
equipped with HP PONA 50 length m x 0.2 mm id x 0.5 pm film thickness capillary column.
The helium carrier gas is kept at a constant flow rate of 0.8 mL/min, and a 1.0 yL extract was
injected into a split/splitless injector at typically temperature 300°C. Temperature prog-ram-
ming of the column oven: 80°C and ramp with 6°C min™! to 250°C. The ion source and trans-
ference line temperatures are 225°C and 250°C, respectively. An ionization energy 70 eV is
employed with mass scanning from m/z 15 to m/z 450.

The components identification is based on comparisons of the retentiontimes and by inter-
pretation of the mass spectra obtained fromthe NBS/NIST library (NIST Mass Spectral Library,
2002).

3. Results and discussion

The main quantities of process waters are generated during technological processes of
crude oil preparation (desalting and dewatering) and rectification with water steamfor stripping.
Small quantities of wastewater are generated by the residual amount of water remaining in
the crude oil after desalting. In accordance with the best refinery practices, the wash water
rate vs. crude oil feed flow-rate varies between 3% and 7% depending on the quality of the
processed oil [381, Higher salt content supposes higher wash water rates in order to remove
salts effectively. Effluent wastewater stream from desalting and dewatering section (E-109)
goes to the water treatment facilities.

The other main source of wastewater from straight-run distillation units is processed con-
densates that are generated from the overhead streams of the rectification towers (atnos-
pheric and vacuum). In LNB, these are the preflash tower (K-101), the main fractionators of the
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atmospheric distillation units (K-102), and vacuum towers from the vacuumdistillation units
(K-1in the vacuum section in AVD-1 and K-101 in VDM-2). Often these water streams are
called sour water condensates because of its lower pH and hydrogen sulphide content. The
process condensate from the preflash tower is formed only by the residual amount of water
remaining in the crude oil after desalting section.

The process condensate fromthe main fractionator is formed predominantly fromthe water
steam, which is injected to the bottom of the tower and side stripers for extracting middle
distillates in order to reduce the partial pressure of the hydrocarbons and to improve the
separation processes. Depending on the throughput of the unit, striping steam flow-rate could
vary, but the rate vs. crude oil remains about 2.5%.

Process condensates in VDM-2 unit have the same origin such as the condensates fromthe
main fractionators-stripping water steam. At this vacuum distillation process unit, water
steamis injected not only for stripping but also as a turbulizer in the furnace passes. Both
streams leave the systemsuch as a process condensate fromthe overhead condensers drum.

The organic matter in process waters originating from crude distillation units depends on
the crude oil composition and the process of oil production. Generally, extracts obtained from
the wastewater samples have chemical compositions that differ significantly fromone another.
The extracts investigated are exhibited a relative wide molecule weight range compounds.
They are arranged according to theirdominant contentsin the samples. Identification of the
corresponding compounds is summarized in Table 1.

Table 1. Concentration of organic matter in process waters originating from crude distillation units of
LUKOIL Neftohim Burgas refinery

Concentration, mg/L

JICEE] AVD-1 AD-4 VDM-1 VDM-2
formula
E-101 E-102 E-109 E-101 E-102 E-109 E-3 E-103
Phenol CeHeO 3.5 2.8 7.1 0.6 3.6 3.4 1.2 7.1
Phenol, 2-methyl- C;HsO < 0.05 5.8 2.5 0.5 5.8 4.4 5.7 17.1
Phenol, 4-methyl- C;HsO 4.0 6.8 3.2 0.6 9.1 5.6 6.3 24.4
Phenol, 2,4-dimethyl- CsH100 0.6 0.9 0.8 0.1 0.9 1.6 0.5 1.9
Phenol, 2,5-dimethyl- CgH100 1.9 0.8 0.4 0.1 1.0 0.9 1.7 4.9
Phenol, 2,3-dimethyl- CsH100 0.9 1.8 0.9 < 0.05 3.0 1.5 7.5 12.0
Phenol, 3,4-dimethyl- CsH100 0.6 0.6 0.7 < 0.05 1.2 2.0 3.7 11.0
Phenol, 2,6-dimethyl- CsH100 0.7 0.8 0.6 < 0.05 2.0 2.6 5.2 3.8
Phenol, 4-ethyl- CgH100 0.5 < 0.05 0.3 < 0.05 0.9 1.7 2.1 3.2
3-Isopropylphenol CoH120 0.2 < 0.05 0.5 < 0.05 0.4 1.4 2.5 3.4
3-n-Propylphenol CoH120 0.8 < 0.05 1.2 < 0.05 0.1 1.7 1.2 3.0
Phenol, 2-ethyl-6-methyl- CsH;,0 0.4 < 0.05 1.4 < 0.05 <0.05 3.0 1.9 2.1
Phenol, 2,4,6-trimethyl- CoH;120 0.4 < 0.05 0.9 < 0.05 < 0.05 2.2 2.2 1.5
Phenol, 3,4,5-trimethyl- CoH120 0.12 < 0.05 1.1 < 0.05 <0.05 3.5 5.0 3.7
Formic acid CH-0, 100 50 1000 13.0 2.0 6.0 < 0.05 < 0.05
Acetic acid C,;H40: 240 310 1500 14.0 1.8 12.0 < 0.05 < 0.05
Propanoic acid C;3H60> 25 47 2500 8.5 5.0 7.5 < 0.05 <0.05
Butanoic acid C4Hs0; 10 12 3000 1.8 < 0.05 3.4 < 0.05 <0.05
Acetic acid, phenylthio- CsHs0,S 0.2 < 0.05 0.7 0.1 0.2 0.5 1.8 2.0
Propanoicadd, 3-phenylthio- CoH100,S 0.4 1.9 1.1 < 0.05 2.8 0.5 1.8 0.8
Methylene bis-thioglymlic CsHgO4S. < 0.05 2.1 1.6 < 0.05 2.2 5.6 < 0.05 1.3
acid
4,4 -Dithiobis-butanoic acid CgH1404S; < 0.05 0.2 0.2 < 0.05 0.3 < 0.05 <0.05 <0.05
1,2,4-Trithiolane C,H4S; 8.9 0.7 1.0 < 0.05 0.7 0.5 < 0.05 < 0.05
1,3,5-Trithianel#°] C3HeSs 3.2 3.6 0.6 0.3 0.4 3.1 1.0 < 0.05
2,4,5-Trithiohexane C3HeSs 6.6 < 0.05 0.5 < 0.05 <0.05 <0.05 <0.05 <o0.05
1,2,4,5-Tetrathiane C,H4S, 1.7 0.7 0.7 0.1 < 0.05 < 0.05 1.7 < 0.05
1,2,4,6-Tetrathiepane C3HeSs4 0.2 <0.05 <0.05 <0.05 0.7 1.2 1.1 < 0.05
1,2,5,6-Tetrathiocane C4HsS4 0.6 < 0.05 1.7 < 0.05 <0.05 0.6 < 0.05 <0.05
1,3,5,7,9-Pentathiecane CsH10Ss 3.0 < 0.05 < 0.05 0.1 0.1 2.0 2.1 < 0.05
Lenthionine C,H4Ss 0.4 < 0.05 3.2 0.2 < 0.05 2.2 4.0 < 0.05
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In the tested samples, numerous methyl-, dimethyl- and trimethyl-phenol isomers are
identified. The spectra of phenol and methyl-phenols are assigned fromthe strong molecular
ions m/z 94 and m/z 108, while the spectra of dimethyl and trimethyl-phenol isomers are
characterized by ions of m/z 107 and m/z 121 connected with the loss of the methyl group.
2,4-Dimethyl-phenol is considered as the compound responsible for carcinogenic influence 411,
In this research, only four phenolic compounds are determined in all of the sampling sites
(Table 1) while the other compounds are with different concentration even they were below
detectable limits. The levels of individual phenolic compounds in the wastewater of AVD-1,
AD-4, VDM-1, and VDM-2 samples range from detectionlimits to 7.1 mg/L, detection limits to
9.1 mg/L, from 0.5 to 7.5 mg/L and from 1.5 to 24.4 mg/L, respectively. The resultsindicate
maximum content 24.4 mg/L of 4-methyl-phenol in the wastewater sample collected fromE-
103, VDM-2. The wastewater sample of VDM-2 shows higher total phenol content (99.1 mg/L)
than wastewater sample of VDM-1 (46.7 mg/L) and wastewater sample of E-102, AD-4 (28.8
mg/L). Compared with the datain the literature, the contents of total phenol compounds are
higher than the ones observed in the previous studies 421,

Naphthenic acid species analysis in all wastewater samples indicate a generally most abun-
dant. Examination of the quantitative data confirms the more abundant presence of the naph-
thenic acid species in the AVD-1 wastewater compared to the other tested wastewater samples
(Table I). The data show the level of individual naphthenic acid species is ranged between
below detection limits to 3000 mg/L. The levels of naphthenic acid species are in agreement
with earlier report data [42:451, The highest concentrations of naphthenic acid species measured
are in the E-109, AVD- 1 wastewater.

S-containing hydroxy acids are also present of oil sands process water [/281, Analysis of
the mass spectrumof acetic acid, phenylthio- revels significantions at m/z 123 (loss of car-
boxylic group), m/z 168 (molecule ion) and a smaller ion at m/z 45 (carboxylic group). The
mass spectrumof propanoic acid, 3-phenylthio- also has significantions at m/z 123, m/z 182
(molecule ion) and m/z 45. Analysis of the mass spectrum of methylene bis-thioglycolic acid
reveal to have an ion M**at m/z 196, and other significant ions are confirming the cleavage
of the main chain (m/z 77 sulphur-carboxylic group cleavage). The formation of the fragment
ion m/z 105 is associated with B-cleavage with respect to the sulphur atom. The abundance
of m/z 137 results from the loss of methyl-carboxylic groups, cleaved from the thioglycolic
acid main chain. Analysis of the mass spectrum of 4,4 " -dithiobis-butanoic acid reveals that
the significant ions exist at m/z 45 (carboxylic group) and m/z 87 (loss of the carboxylic group
and hydrocarbon main chain). The presence of the fragment ion at m/z 134 indicates that
the Sulphur atoms are present in the alkyl main chain of the 4,4 -dithiobis-butanoic acid.
Total naphthenic acid contents and S-containing hydroxy acids the values range from 3.6 mg/L
to 8000 mg/L.

High sulphur content in crude oils results in the significant generation of sulphur species,
which are major environmental pollutants. Inthe present investigation, the spectrumof the
1,3,5-trithianeis characterized by abundant molecularion m/z 138 and dominated ions by a
peak ion of m/z46, m/z 45 and m/z 92 due to heterocycle cleavage of the cyclic trimer and
in losses of a C-S group. 1,2,4-trithiolane is identified by interpretation of the mass spectrum
Major fragment ion is m/z 45, and larges fragment ions are m/z 78, m/z 46 and m/z 124. The
result of the sulphur analysis indicates a generally high level of sulphur species in wastewaters.
Table I summarizes the mean concentrations of sulphur species in the wastewater samples.
The most abundantis 1,2,4-trithiolane in the wastewater of E-101, AVD-1 with a concentration
of 8.9 mg/L, accounting for 36.2% of the total sulphur species. Interestingly, sulphur species
in the wastewater E-103, VDM-2 sample are not detected. Thelevels of total sulphur species
content vary between a minimum of detection limits and maximum 24.6 mg/L, and this the
value is less in previous studies reported 231, In comparison, the results obtained of the dif-
ferent sulphur species in the wastewater sample of E-101, AVD-1 are higher than those of the
other wastewater samples investigated.
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One way to display the similarities or differences between phase distributions of organic
matter in process wastewaters is to construct certain types of plots, such as plots of the
percentage concentration of different classes of compounds. The distribution of single com-
pounds varied among different wastewater samples. As can be seen from Figure 1 naphthenic
species (4.0-99.6%) are predominant in the wastewaters investigated, and this may be
attributed to their higher solubility. It is clear that the proportion of phenolic species in the
wastewater is found to range from 0.3 to 96.9%. The proportion of sulphur species is in the
range 0.1 to 12.0%.
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Figure 1. Composition of organic matter in process waters, originating from crude distillation units

4. Conclusion

By the use of gas chromatography-mass spectrometry the organic matterin process waters
originating from crude distillation units are identified. The study herein shows the most abun-
dant content of naphthenic acid species (alicyclic carboxylic acids) followed by phenolic com-
pounds and polysulphur components.

By specifying organic matter contents, users can intake to describe the routing of water
through the refinery or water can be additionally used before being assigned to one of the
effluent streams.
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Abstract

Castor oil was used as a starting material for obtaining bio-lubricants via some chemical transfor-
mations. Thus the oil was firstly epoxidized by peroxy formicacid, prepared in situ, in the presence
of ambrilite as a catalyst. The epoxide obtained was subjected to base-catalyzed transesterification
with methanol/NaOH followed by ring opening with alcohol (2-ethyl-1-hexanol) to give the corre-
sponding diol. Finally, the latter diol was acylated using acetic anhydride in pyridine, whereby the
acylated product was isolated.

The structures of the products of the different steps were illustrated from their spectral data (FT -
IR) and (!H-NMR). The reological and tribological properties of the compounds obtained were
evaluated to confirm their suitability as bio-lubricants.

Keywords: Castor oil; Bio-Lubricants, Transesterifiation; Spectral data; Reological and Tribological properties.

1. Introduction

Lubricants used globally are commonly made from petroleum, coals or natural gases [*-2],
Due to their wide utilization, there is the need to search for alternative sources for producing
lubricants. As a result of the long-term pollution effects associated with mineral oil-based
lubricants on the environment, and the expected depletion of petroleum reservoirs all over
the world in the future there is a need for cheap and renewable feedstock for the production
of biodegradable lubricants 31,

There are many alternatives to petroleumbased lubricant, such as synthetic or animal fat
lubricants. However, lubricants derived from vegetable oils have received greater attention
due to their favourable and acceptable physical properties. Among the advantages of bio-
based lubricants is their high lubricity, as well as, much lower coefficient of friction compared
with petrobased lubricants. Furthermore, bio-based lubricants have high flash points, which
make them effective in high temperature environment to impede evaporation or dissipation [4-6,

Bio-lubricants also have relatively stable viscosity indexes, so that they are useful over a
large range of temperatures. In addition, bio-based lubricants are generally derived fromveg-
etable oils, and its processing involves a clean and pollution free method, as well as, being
rene-wable. Finally, the non-toxic and biodegradable nature of bio-based lubricants ensures
easy disposal in the environment, unlike petroleum based lubricant. These properties make
bio-based lubricants an attractive alternative to petroleumbased lubricants [71,

Vegetable non-edible oils have some undesired characteristics, particularly a poor re-
sistance to high temperatures and limited use in low temperatures range because of solidifi-
cation, which prevents their use, in their natural state, in many areas of lubrication. Also,
Vegetable oils are prone to oxidation, i.e. have low oxidation stabilities due to the presence of
allylic hydrogens in theiralkyl chains. Various techniques have been applied to overcome the
potential problems produced by vegetable oil, such as blending with other diluents such as (1)
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polyalphaolefins, (2) chemical modification such as esterification, transesterification, (3) epoxi-
dation.

The objective of this work is to shed light on the potential of vegetable non-edible oil in the
automotive sector [8-91,

Better performances are instead obtained fromesters produced by epoxidation reaction, in
which a peracid is used for oxygen transfer to the double bonds in the fatty acid chains [10-11],
The peracid is usually formed in situ from hydrogen peroxide and acetic or formic acid,
addressing almost all of the above-mentioned principles of green chemistry. Furthermore,
fewer coloured epoxidation products are obtained which is indicative of the mild process conditions
[12-141 Fatty acids (with long chain), derived from oils, and mono-functional or poly-functional
bio-based alcohols. The performance of esters depends on their chemical structure and, as a
result of using alcohols and/or fatty acids which differ in their molecular weights and/or func-
tionality (di, tri, tetra), the synthesis can be directed to obtain products with characteristics
oriented to different performances (viscosity, viscosity index, pour point). For this reason,
research on these products continues, and new syntheses are continually proposed both in
open and patent literature 151,

In the present work epoxidation of castor oil in the presence of mixed catalyst Amber-
lite/HCOOH/H20,, followed by transesterification of the product using methanol was per-
formed. Ring opening of the products obtained by 2-ethyl-1-hexanol then finally acylation of
the product using acetic anhydride afforded acylated castor oil derivatives. The structures of
the prepared compounds were confirmed using Fourier transforminfrared spectroscopy (FT -IR),
proton nuclear magnetic resonance (*H-NMR). Finally, the rheological and tribological proper-
ties of the products by modular compact rheometry (MCR) were carried out.

Evaluation of the prepared acylated castor oil derivatives as bio-lubricants was performed
by measuring the viscosities and pour points of the prepared compounds.

2. Experimental
2.1 Epoxidation of castor oil

The reaction was carried out in three necked-round bottomed flask equipped with a me-
chanical stirrer, efficient condenser, and thermometer. Epoxide was derived by in-situ epoxi-
dation reaction using H.O. as oxygen donor and HCOOH as an active oxygen carrier in the
presence of ion exchange resin (Amberlite IR 120). The experiment was designed at the fol-
lowing molar ratio castor oil: formic acid (88%): H.O. (30%) was (1:0.5:1.5) and ion ex-
change resin Amberlite IR 120 weight percentage (15%). The reaction was maintained with
vigorous stirring (1000+ rpm) at 60°C for 15 hrs. Finally, the solvent and trace water were
distilled by rotary evaporatorto yield the product (EC,), with designation shown in Table 1.

2.2. Transesterification of the product obtained

Transesterification of the epoxidized non-edible oils with methanol canbe carried out using
both homogeneous (acid or base). Methanol is used due to their low cost and physical and chemical
advantages. The transesterification reaction occurs between alcohol adsorbed on catalyst and
ester of the reactant. Homogeneous catalysts such as sodiumhydroxide, potassiumhydroxide,
and sodium methoxide formed an alkoxide group on reaction with alcohol. The transesterifi-
cation reaction was thereafter carried out by using methanol to oil molar ratio (8:1), at 60°C
for 4 hrs to yield of product (EC;) with designation shown in Table 1.

2.3. Ring opening of the obtained products

Epoxides are highly reactive towards acids and alcohols to give diols and polyols products.
So 35 gm of the product (EC;) was treated with 1.630 mL of H,SO4 as catalyst and toluene as
solvent and 9.604 ml of 2-ethyl-1-hexanol over 4 hrs at 110°C. The reaction was left overnight
then the product was washed with brine water and dried over Na,S0, [16-171, The excess sol-
vent was removed with a rotary evaporator to give the product (EC3) with designation shown
in Table 1.
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Table 1. The designation of prepared compounds

Abbreviation Prepared compounds Abbreviation Prepared compounds
EC1 Epoxidized castor oil EC3 The diol
EC2 Transesterifized EC1 EC4 Acylated pdoduct

2.4. Acylation of the obtained products:

To a stirred solution (0.09 mol) of product (EC3), acetic anhydride (0.36 mol) was added,
4-dimethylaminopyridine (0.87 mol) and 150 mL of xylene were added. The obtained suspen-
sion was stirred and heated to 140-150°C for 8 h. Then, the product was distilled at 140-
160°C to eliminate solvent then the product was extracted by ethylacetate. The product was
washed with brine and dried overaqueous Na.SO4o0vernight, and finally, the solvent was re-
moved by rotary evaporator toyield the target product (EC:) with designation shown in Table 1.

3. Characterization of the prepared compounds

The prepared compounds were characterized by using FT -IR, Model Type ‘NicoletiS10 FT-
IR Spectrometer. The sample prepared as a disk. Room temperature, DTGS detector, 4 cm
spectral resolutions. Maximum speed: 40 spectra per second at 16 cm™ resolution [*8], The
prepared compounds were characterized by 'H-NMR spectroscopy. Using 'H-NMR type [300
M.Hs. spectrophotometer W-P-300, Bruker].

3.1. Evaluation of the prepared products as bio lubricant

Viscosity indices (VI) of the products were measured according to ASTM D2270-87. The
kinematic viscosities of the tested compounds which were determined at 40°C and 100°C.

The pour points of the prepared compounds were measured according to the ASTM-9787.
The instrument used for measuring the pour points was the Cold Filter Plugging Point Auto-
matic Tester (CFPPA-T), model 1st CPP97-2 (France).

The flash points of the prepared compounds were determined using a Cleaveland open cup
tester conforming to ASTM D92-12b.

TGA experiments were carried out using Simultaneous Q- 600 DSC/TGA (USA). The exper-
iments use a 0.01 g polymer sample, at a heating rate of 10°C min! from 25°C to 600°C and
under a flowing (25 ml min'!) nitrogen atmosphere.

3.2. Measuring rheological and tribological properties by modular compact rheometry
(MCR)

Different reological and tribological tests were employed for the prepared compounds as
illustrated in Figs. 8, 9. These tests were performed using a ball-on-three-plates tribometer
(tribology measurement cell, Rheometer MCR502, Anton-Paar GmbH, Stuttgart, Germany [1°])
Fig. 1 and 0.9 ml of each sample. Each measurement started with a conditioning run followed
by the measurement of Stribeck curves at temperatures (80°C) and loads (10 N). Stribeck
curves generally describe the friction coefficients of lubricated systems as a function of sliding
velocity, contact pressure, or viscosity.

= ==

FAoavuring
l“ Shatt

_- Ball

Fig. 1. Rheometer MCR502 component
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4. Results and discussion

In the last decades, there is an increasing concern in finding substitutes for petroleum
refinery products. This is due to two reasons: first, the expected depletion of petroleum res-
ervoirs in the future; second, petroleum products and their wastes, being hon-biodegradable
represent environmental petroleumdue to the toxicity of most of their components. Vegetable
oils, being renewable and biodegradable sources, represent suitable candidates for this pur-
pose. Although vegetable oils suffer from the disadvantages of being susceptible to oxidation
due to the presence of allylic hydrogen in their backbone, this problem could be overcome by

using suit

able doses of antioxidant additives.

It is hoped that this investigation will be a contribution to this trend. Thus castor oil was
used as a starting material to obtain some bio-lubricants via the chemical transformations
illustrated by scheme (1).
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The products obtained were characterized by spectral tools (FTIR and *H-NMR). Evaluation
of the rheological and tribological characteristics of these compounds was also performed.

4.1. Spectral characterization
4.1.1. The infrared spectra (FT-IR)

The infrared spectrum of castor oil is given in Fig. 2, showed the following: The hydroxyl
(OH) bands appearclearly near to 3436 cm!as broad bands. C-H of alkanes in the range of
2855 cmt and 2925 cmt. C=0 appears at 1744 cmt.C-O appears at 1166 cmt. CH of CHs
group appears at 1462 cm™ and 1362 cmt. CH of CH. group appears at 1462 cm™ and 1376
cml. C=C of alkene appears at 1650 cml. =CH appears at 3008 cmt. C=O0 of ester appears
at 1744 cml,

The infrared spectrum of product (EC:) is given in Fig. 3, showed the following: The disap-
pearance of C=C of alkene and also for =CH band, and appearance of epoxide band at 859
cml, C=0 appears at 1741 cmt. The hydroxyl (OH) bands appear clearly nearto 3453 cm'?

as broad bands, C-H of alkanesin the range of 2855 cm! and 2928 cmt. C-O appears at 1173
cmt. CH of CH, group appears at 1462 cm* and 1438 cm'™.

\ /\ ) /\/\\A1
N " s

60+ -
< } | Y
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Fig. 3. The infrared spectrum of compound (EC1)

The infrared spectrumof product (ECs) is given in Fig. 4, indicates the following: The disap-
pearance of epoxide band, and appearance of hydroxyl (OH) bands appears clearly near to
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3456 cmt. C=0 appears at 1741 cml. C-H of alkanes in the range of 2856 cm'! and 2928
cml, C-Oappearsat 1172 cmt. CH of CH, group appears at 1438 cmtand 1372 cml.

The infrared spectrumof product (EC.) is given in Fig. 5, showed the following: Thereis no
band for hydroxyl (OH) nearly due to acylation reaction. C=0 appears with at 1740 cm™*. C-H
of alkanes in the range of 2856 cm* and 2928 cm*. CH of CH. group appears at 1462 cm
and 1373 cm'l.
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Fig. 4. The infrared spectrum of compound (EC3)

70-3
N’l-i

50+

tance

ans

404

<.

4000 3500 3000 2500 2000 1500 1000 500 |

Wavenumbers (cm-1)
Fig. 5. The infrared spectrum of compound (EC4)

4.1.2. The nuclear magnetic resonance spectra (*H-NMR)

The 'H-NMR spectra of products (EC: — EC4) are illustrated: The *H- NMR spectrum of castor
oil which illustrates the appearance of the CHs terminal at 6-0.96 ppm, -CH-OH protons at &-
3.5 ppm, =C-H protons at 8-5.5 ppmand methylene (CH.) protons at 6-1.3 ppm.

The 'H-NMR spectrumof product (EC:) which illustrates the appearance of the CHs terminal
at 6-0.96 ppm, -CH-0OH protons at 6-3.5 ppm, epoxy protons at -3.2 ppm, methylene (CH>)
protons at 6-1.3 ppmand disappearance of =C-H protons at 6-5.5 ppm.

The *H-NMR spectrum of product (EC4) which shows the appearance of the CH; terminal at
0-0.96 ppm, the disappearance of -CH-OH protons at 6-3.5 ppm and disappearance epoxy
protons at 6-3.2 ppm.
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4.2, Evaluation of the prepared compounds

From comparison of the viscosity index value of castor oil with that synthesized compounds
shown in Table 2, it is evident that the viscosity index for castor oil (221) is lower than acylated
transester of treated castor oil (EC4) with value (232) which implies that the synthesized com-
pounds show better bio-lubricant properties compared with castor oil.

Low temperature studies showed that most vegetable oils undergo poor flow and solidifi-
cation at -18°Cas they have a tendency to formmicrocrystalline structure at low temperature.
The pour point should be low enough to ensure that the bio-Ilubricant is pump-able when the
equipment is started at extremely low temperatures. So, comparing pour points of the syn-
thesized compounds with the value of castor oil it was found that there is a clear pour point
improvement for the product (ECs) with value -27°C.

Table 2. Physicochemical properties of synthesized castor oil and its acylated derivatives

Properties Stjg_?_;rd C%sitlor (PErg (lj) (PEr(c:) g) (PErg (31) Prod (EC4)
Viscosity index D2270 221 175 187 193 232
Flash Point , °C D 92 255 240 267 282 300
Pour Point , °C D 97 -18 -9 -15 -21 -27

Flash point is useful in determination the volatility and fire resistance of a bio-lubricant and
also for determination of transportation and storage temperature. So, it must be high enough
to allow for safe operation at maximum operating temperature. From the results, it is evident
that the product (ECs) has a value of 300°C which is necessary for most demanding applications.

The thermal stability of the prepared compounds was investigated, Figs. 6, 7, both integral
is shown. It was found that the primary degradation occurs at 300°C, while the complete
degradation occurs at 500°C. This confirms the suitability of the prepared compounds as bio-
lubricants.

T T T
200 400 600 800 100
Exo Up Temperature (*C)

Fig. 6. TGA Curve of compound (EC3)

The most important rheological parameters for lubricants is viscosity as it also affects the
tribological properties like friction betweeninteracting surfaces and wears. In the steady-shear
test, shear rates from0 to 120 s ! at Fig. 8 were applied to the bio-lubricant. It was found
that castor oil and its derivatives exhibit a Newtonian flow and by increasing shear rate, dy-
namic viscosity is nearly constant which is an advantage.
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(ECs) and conventional synthetic oil
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Stribeck curve shownin Fig. 9 has three types of lubricant conditions which are a boundary,
mixed and hydrodynamic lubricant [2°1, In the middle between mixed and hydrodynamic lub-
ricant condition, there was an elastohydrodynamic lubricant which is the friction coefficient
decreasing during the increasing of the parameter. Acylated castor oil showed low friction
coefficient at 80°C compared with castor oil and conventional synthetic oils.

5. Conclusion

Castor oil can be used, after some chemical transformations, as a suitable candidate for
obtaining environmental friendly bio-lubricants. Saturation of double bonds of castor oil gives
products less susceptible to oxidation than the oil itself, i.e. having more oxidation stabilities.

Chemically modified castor oil products were given excellent results as rheological and
tribological properties. Being a non-edible oil, castor oil can be used as a source for obtaining
bio-lubricants without causing any nutritional problems
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Abstract

The Central Luconia is one of the major carbonate province formed by 200 carbonate buildups
with gas reserves of 63 Tcf. Structurally, the Central Luconia represents an area of low degree of
structural deformation. It is located between areas of compression in south and subsidence in
north. Carbonate sediments, were mainly deposited during the Upper Miocene (locally referred to
as cycles IV and V). The reservoir quality of the carbonate sequence is largely controlled by dia-
genesis. Hence, understanding of diagenetic process and products (pore types/cements) is of
prime importance for predicting reservoir quality in the subsurface. In this study, about 1150 feet
of core and 160 thin sections from well X are used to calculate the qualitative and quantitative
description. The platform is grain dominated (32%), dominant components are corals and foram-
inifera (53%). The dominant porosity type is mouldic (30%), carbonates are poorly cemented with
blocky equant calcite cement (35%) having as dominant cement. However, diagenesis has altered
these original minerals HMC (High Mg Calcite)/aragonite into LMC (Low Mg Calcite) and dolomite.
Based on our observations, we can conclude that the platform was near to clastic source, highly
dolomitized, porosity secondary in nature and coral facies are more diagenetically altered. Para-
genetic sequence comprises of micritization, dissolution, dolomitization, cementation, mechanical
compaction and stylolitization.

Keywords: Central Luconia; diagenesis; reservoir; Offshore Sarawak.

1. Introduction

The carbonate build-up in the Central Luconia provides an excellent opportunity to reveal
diagenetic pattern that largely controls the reservoir properties (Figure 1). This province pre-
sents, 200 platforms distributed over 40,000 km? covered by high resolution 3D seismic, 15km
core, +300 wells and 40 years of production (Figure 1).

The carbonate deposition in Central Luconia started in Upper Miocene (mainly after cycle
III), on structure highs developed during the Upper Eocene to Lower Miocene [1-3]1, The car-
bonate petrography and diagenesis were discussed by [2-31 and provides a starting point for
diagenetic workflow.

There is a lack of 3D genetic model(s) explaining the pore/cement type distribution in Cen-
tral Luconia and isolated platforms in general. Porosity and permeability association with dia-
genetic body geometries are poorly understood. Although there have been studies on sedi-
mentology and stratigraphy of Central Luconia, only few have addressed the question of dis-
tribution of limestone diagenetic features and the dolomitization process [21.

Following are few examples of studies done on diagenesis and sedimentology of Central
Luconia carbonates [2:3:6-121 however, interpretations are often not clear as the data is only
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available in subsurface, with no outcrop analogues [7-10: 121,

The primary objective of this study is to produce a predictive model for limestone diagenesis
based on an understanding of patterns of pore/cements type distribution and inferred pro-
cesses.

1. To designate various microfacies, cements and pore types.
2. To do qualitative and quantitative description of each diagenetic phase present.
3. To propose preliminary diagenetic sequence.

South China Sea

North
Luconia
West Luconia
Delta

CentralLuconia

West Luconia swW
Rim

Luconia
Balingian BORNEO

Figure 1. A) Location map of Central Luconia province with adjacent provinces, Offshore Sarawak Ba-
sin, Malaysia [3:6], B) Location of X buildup

2. Methods and datasets

A total of 1150ft (350.52m) of core and about 160 thin sections were used in this study
representing, cycle IV and V carbonates. The methodology includes the description and digit-
ization of the core sheet using WellCad software package, of well X-2 in Central Luconia. Main
importance was given to semi-quantitative description of the platform based on lithology,
facies, cement, pore, Dunham classification and components. The thin sections were described
using sketches and Jmicrovision© software for point counting.

Conventional microscope (Olympus digital BX 43, with DP 72 Camera) was used for petro-
graphic part and cement phases were established using cathodoluminescence microscopy of
about 100 samples using Relion inst. CL device with vacuum below 60 ptorr with voltage 12
to 15 kV and current around 250A [13,14],

3. Results and discussions
3.1. Lithostratigraphy

The platform is divided in to five stratigraphic sequences based on six flooding surfaces [15],
mostly marked by argillaceous limestones (Figure 2). The sequence starts with the SS1. The
lowermost part of the platform is dominated by shale dominated facies (Figure 3A), middle of
the sequence is dominated by platy coral dominated facies with rare land plants. The upper
part by interlayering of foraminiferal dominated wackestone and platy coral rudstone facies
(Figure 3D & 3F).

SS2 marks the onset of carbonate buildup growth. This sequence is dominated by branching
and massive coral float/rudstone facies (Figure 3C). It is dolomitic limestone to dolomite. SS3
is made up of dolomite and limestone lithologies, with branching and massive corals rud-
stone/floatstone facies and moderate red algal wackestone facies. The dominant depositional
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environment of the sequence is shallow lagoon. SS4 majorly, composed of limestone with
large variety of grain types e.g. red algae, foraminifera, mollusc and corals. The dominance
of foraminiferal packstone to wackestone facies indicate that this sequence was deposited in
deep lagoon. The final SS5 is dominated by a variety of lithologies ranging from limestone,
dolomitic limestone and dolomite (Figure 3D). The top of this sequence marks the final drown-
ing (?) of the platform. The dominant grain types are red algae and minor foraminifera in
middle part of the sequence. The depositional environment of this sequence is shallow lagoon
same as SS3.

mudstone

wackestone

PINNACLE

wacke-to packstone

packstone
pack-to grainstone
grainstone
floatstone

float-to rudstone
rudstone

rug- framstone
framestone
bindstone

shale

% limestone

argillaceous limestone

B cooimesns

argillaceous dolo-limestone

MEGABANK

dolostone

argillaceous dolostone

-

Figure 2. Vertical stratigraphic distribution of various facies in Well X-2, sequences and signatures of
flooding surfaces on the Gamma ray log as well.

|
Stylolite rich

Coated grains' i Miciritized

Coral debris Coraid

Selective Dolomite

Figure 3. Key diagenetic features on core, A-Basal mixed carbonate-siliciclastic facies (cycle III-cycle
IV boundary), B- Coated grain packstone facies with coral debris, C-Coral(massive) lime-packstone fa-
cies, D- Skeletal lime/dolomitic packstone facies, open vugs normally result of dissolution and closed
vugs filled by secondary calcite cements, E-Oncolite lime grain dominated packstone, F-Coral(platy)
lime mud dominated packstone facies, F- Coral (branching) lime dominated pack-grainstone facies.
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Tablel. Example of data-set resulting from microfacies, dominant cement and pores types from X-2 well

ccﬁzpt(r;t) Microfacies Cement types Pore type
6200 Rhodolith floatstone-bindstone MF-7 Micrtic Minor fracture pores
6210 Amphistegina packstone-wackestone MF-3 Micritic/Equant Micropores
6215 Amphistegina packstone-wackestone MF-3 Micritic/Equant Mouldic

Cycloclypeus-lepidocyclinids rudstone-floatstone
6225 MF-2 Blocky/equant Mouldic
Soritids(miliolid)-encrusting packstone-wackestone
6235 MF-4 Blocky/equant Mouldic
6245 Amphistegina packstone-wackestone MF-3 Micrtic Mouldic
6255 Miogypsina bryozoan packstone-grainstone MF-1 blocky/micrite Mouldic/intraparticle
6265 Austrotrillina mudstone-wackestone MF-5 Equant/blocky Mouldic
Rhodolith floatstone-bindstone MF-7 Sucrosic dolo./microdolo- Intercrystal-
6270 mite line/vugs
6285 Miogypsina bryozoan packstone-grainstone MF-1 Micrite/equant Mouldic
6295 Coral framestone/floatstone MF-8 Blocky/equant Mouldic/micropores
6315 Operculinid packstone- grainstone MF-6 Equant/blocky Mouldic
6330 Echinoid packstone- grainstone MF-10 Equant Mouldic/micropores
Soritids(miliolid)-encrusting packstone-wack-
6340 estone MF-4 Equant/blocky Mouldic/vugs
6350 Operculinid packstone- grainstone MF-6 Micrite/equant Mouldic
Soritids(miliolid)-encrusting packstone-wack-

6380 estone MF-4 Equant/blocky Mouldic/micropores

6390 Miogypsina bryozoan packstone-grainstone MF-1

6400 Amphistegina packstone-wackestone MF-3

Micrite/equant
Equant/blocky

Micropores
Micropres

3.2. Core-based and petrographic description

The platform consists of 55% limestone, 20% dolomitic limestone, 15% dolomite and 10%
argillaceous limestone (Figure 2). The texture of the X field is grain rich throughout, with mud-
dominated packstone is forming the muddiest portions. Packstone composes 45%, grainstone
38%, rudstone 13% and mudstone 4% of the cored intervals (Figure 3&4). The grains are
moderately to poorly sorted. The grainsize varies from fine sand to coarse gravel, mud is virtually
absent.

The 12 reported microfacies of the X-buildup based on lithological composition, components
and other diagenetic features, some important microfacies are discussed here. Foraminiferal
pack-wackestone microfacies, the microfacies has a mud to grain supported texture in a mi-
critic matrix (36%) (Figure 4A). The majority of allochems are larger foraminifera (12%),
corals (10%), echinoids (4%), red algae (1%) and broken mollusc shells (rare). Dolomitized
massive/branching coral framestone microfacies, components are corals (39%), red algae
(1%), miliolids (1%) bivalves (traces) and brachiopods (traces) (Figure 4B). Foraminiferal
(miliolid) wacke- to mudstone, the microfacies have a mud supported texture in a micritic
matrix of about 39% (Figure 4C) The majority of allochems are miliolid (10%) echinoids (8%),
and planktonic foraminifera (2%). Sucrosic dolo-mudstone microfacies, in terms of petro-
graphic observations this facies is characterized by fine to coarsely crystalline (60-100 pm)
crystals that are loosely cemented (Figure 4D). The majority of allochems are red algae (4%)
and unidentified skeletal debris (2%).

The dominant components (Figure 5) are corals (37%), foraminifera’s (28%), red algaes
(21%), echinoderms (6%), molluscs (5%), brachiopods (<1%), bryozoans (<1%) and green
algae (<1%).The depositional sub-environments of the atoll as interpreted in core are: coral
debris dominate facies represents shallow lagoon and foraminifera dominate facies signifies
deep lagoon.
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Figure 4. (A) Foraminiferal pack-wackestone microfacies with total porosity (1%), (B) Dolomitized mas-
sive/branching coral framestone, total porosity (13%), intragranlur (8%) and intercrytalline (5%), (C)
Miliolid wacke-mudstone microfacies, total (25%), mouldic (20%) and vuggy (5%). (D) Sucrosic dolo-

mudstone microfacies, total porosity (30%), intercrytalline (13%), vuggy (13%) and microporosity (4%)
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Figure 5. Quantitative description of X-Field, based on facies, components and semi-quantitative
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Figure 6. Quantitative Description of X-Field, based on porosity types, cement types, lithology and
Dunham’s name

The original mineralogy can be inferred from the observed grains, e.g., 29% LMC (forami-
nifera, brachiopods) are mostly preserved, 43% aragonite (corals, molluscs, bryozoans) are
largely re-crystallized, whereas 27% HMC (red algae, echinoderms) are mostly well preserved
(Figure 5). Diagenesis has altered these original minerals into Low-Mg calcite and dolomite.

The main types of cements (by shape -Figure 6) are: 35% blocky equant calcite cement,
32% bladed calcite cement, 20% pore lining, blocky hypidiomorphic dolomite cement, 5%
sucrosic dolomite cement, 5% micro-crystalline dolomite cement, 2% micritic/micro-sparitic
calcite cement and <1% syntaxial/rim calcite cement (Figure 6)

3.3. Sequence stratigraphy

Carbonate sequence in buildup X represents three petrophysically distinct sections:

e Flooding: Argillaceous limestone (Figure 2 & 3F) mostly in mudstone facies, few skeletal
fragments and high abundant bioturbations. These are characterized by poor reservoir
quality and high values on gamma ray logs.

e Aggradation and progradation: The aggradation starts with foram-red algal wacke- mud-
stone facies that leads. The upper half of the sequence sees full development of coral debris
facies association. The upper part of the sequence has excellent reservoir potential (Figure 7).

e Exposure: The karst indicates large gaps having lateral infill. Good reservoir facies exist
below the karst surface, with vuggy pores, that indicate intense leaching (Figure 7).

3.4. Cement stratigraphy and paragenetic sequence

Paragenetic sequence includes early and burial diagenetic features (Figure 8): The 3 gen-
erations of dolomitization. The diagenetic changes vary stratigraphically within the X platform:
The first stage of dissolution and leaching took place before the early calcite cementation (that
destroyed all the generated pore spaces). Later dissolution and corrosion occurred after the
dolomitization event and are related to burial diagenesis.

Based on cathodoluminescence observations the buildup is comprised of four stages of
calcite (Figure 8A), three dolomites (Figure 8B), and one pyrite cementation stage.
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Ca) phase(Cycle-V)

Figure 7. A typical growth pattern of a Central Luconia carbonates buildup[3], the sequence boundaries
present more dolomitization, while the Maximum Flooding Surfaces (MFS) are more cemented in the
reservoir
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Figure 8. (A)Complex zonations in Foraminifera (Foram-Pack-Wackestone), (B) Calcite cement filling
an intraparticle pores in coral with fabric destructive replacement dolomite (stage Dol-1)
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Figure 9. Paragenetic sequence within the X-Field
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4. Conclusions

Based on the quantitative information from the core and thin sections, buildup X, is located
close to a clastic source.

e Platform is partially dolomitized (dolomitic limestone 20%; dolomite 15%). Strongest al-
terations are observed in coral-rich facies (reefal debris/shallow lagoon).

e Diagenesis occurs cyclically and corresponds to seismically detectable buildup geomorphol-
ogy. The paragenetic sequence generated includes micritization, dissolution, dolomitization,
cementation, mechanical compaction and stylolitization.

e Burial diagenesis moderately alters the pore structure in certain parts of the buildup.
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Abstract

The research aimed at discovering the patterns of the zeolite-containing cracking catalysts regen-
eration, which are required for the mathematical model development, is presented. This model
takes into account the physicochemical and kinetic patterns of the of coke oxidation reactions in
the air. The numerical calculations using the model allowed to predict of the rege-neration tem-
perature, the coke amount on the regenerated catalyst and the combustion gas composition de-
pending on the process conditions of the reactor-regenerator unit and the coke amount on the
dead catalyst.

Keywords: catalytic cracking; zeolite-containing catalyst; coke, regeneration; mathematical modeling.

1. Introduction

The catalytic cracking is the most important producer of the high-octane gasoline compo-
nents and feedstock for the petrochemical industry all over the world and contributes to the
oil refining deepening. The catalytic cracking capacity exceeds 35% of the oil refining volume
in the US, 15% in Western Europe and less than 10% in Russia. Currently, the total global
capacity of the catalytic cracking is about 700 million tons of feedstock peryear [*1, The cat-
alytic cracking efficiency is determined by the activity, the selectivity and the stability of the
microspheric zeolite-containing catalysts primarily. However, the deterioration of these indi-
cators during the operation is observed due to the catalysts deactivation by coke and heavy
metals, abrasion, sintering, etc.

The catalysts deactivation by coke is a reversible process. In industrial conditions, the catalyst
undergoes regeneration in order to restore the activity. During this process, the coke oxidation
using the oxygen-containing mixtures and partial reduction of the catalytic properties occur,
and the catalysts operation becomes cyclical as "operation-regeneration" process [2-31,

The oxidation rate of a coke can be intensified by increasing the oxygen amount in the
supplied air to regeneration, and by introducing the oxidation promoters into the catalysts,
which do not have a noticeable effect on the activity and selectivity of the catalysts.

At high oxidation rates, a sharp increase in the regeneration zone temperature occurs. This
fact can become the main reason for the irreversible catalyst deactivation as a result of sin-
tering the pore structure 471, The problem of deactivation due to overheating is so the most
important for regenerated catalysts, and it is required to reduce the oxidation rates instead of
intensifying the coke oxidation.

Also, the heat released during the coke oxidation is used to conduct the process in the
reactor. Heat transferis carried out by heating the catalyst flow in the regenerator.

Thus, the oxidative regeneration efficiency has a significant effect on the economics of the
catalytic processes, and it determines the competitiveness of various design options for ca-
talytic cracking.
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The development and application of mathematical model taking into account the
physicochemical and kinetic patterns of the coke oxidation reactions with the air [8-171 allow
to predict not only the residual coke amount on the catalyst and the composition of the flue
gases of regeneration, but also the regeneration zone temperature depending on the process
conditions of the reactor-regenerator block taking into account the amount of coke formed on
the catalyst surfacein the reactor.

The research aims to develop the mathematical model of the regeneration of zeolite-con-
taining catalysts in catalytic cracking to forecast the oxidized coke amount on the catalyst, the
regeneration temperature, and the flue gas composition.

2. Object and methods of research

The object of research is the oxidative regeneration process of the catalytic cracking unit
(section S-200), which is a part of KT-1/1 combined unit for deep processing of fuel oil. A
microspheric zeolite-containing catalyst with an average particle size of 90 um bulk and an
apparent density of 840 and 1400 kg/m? is circulated between the reactor and the regenerator
at the catalytic cracking unit.

Along with the target and by-products
(unstable gasoline, rich gas, 195-510°C frac-
tion, 310-420°C fraction, 420+°C fraction),
the coke deposition on the zeolite-containing
catalyst surface occurs during operation. The
oxidative regeneration in the fluidized cata-
lyst bed is carried out in order to partially
catalyst reductionon the KT-1/1 unit. The
regenerator capacity for oxidized coke is
13600 kg/h. The regenerator is a cylindrical
apparatus with internal diameters of 9 and

Flue gases

Fresh catalyst WU 11 m and a height of 27.6 m. The effective
E— Dead catalyst regenerator volume is 1800 m* with an av-
-~ erage height of the fluidized catalyst bed of

Catalyst dischargg 4m (F'g' 1)'

Fig. 1. The regenerator scheme of the KT-1/1
unit: 1-boxes and manifolds; 2-funnel; 3-2-stage
cyclones; 4- regenerator shell; 5 - fluidized bed
of the catalyst; 6-zone of the dilute-phase fluidi-
zed bed of the catalyst; 7- sedimentation zone; 8
- collecting chamber

i)

Regenerated catalyst

After the oxidative regeneration stage, the regenerated catalyst from the regenerator P-
202 is gravity feed to the reactor for the compounding with the feedstock. The main process
conditions of the reactor-regenerator block are given below (Tab.1). The material balance of
the KT-1/1 regenerator is given below (Tab.2).

The following methods were used during the modeling the oxidative regeneration of crack-
ing catalysts and the studying the characteristics of cracking catalysts at the "operation-re-
generation" cycle:

1. Granulometric analysis for determining the particle diameter distribution at catalyst sample
using HORIBA LA-300 laser meter (detection limit 0.1 to 600 um in diameter using a laser
diode, a maximum error of 0.6%).

2. A mathematical modeling method for the mathematical description of the regeneration of
zeolite-containing cracking catalystsin order to forecast the residual coke on the regener-
ated catalyst, the regenerationtemperature, and the flue gas composition.
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Table 1. Operating factors and process conditions of the reactor-regenerator block of the KT-1/1 unit

Operating factors and process conditions Value
Feedstock flowrate to reactor, tons per day 6686.2
Catalystcirculation ratio, toncat/tonfeed 7.95
Mass of the catalyst in the regenerator, ton 150-200
Coke amountof on the coked catalyst,% wt 0.47
Residual coke amount on the catalyst,% wt 0.045
Catalyst flow temperature at the regenerator inlet, K 808.7
Air consumption in regenerator, m3/h at standard con- 167 522.2
ditions.

Air temperature at the regenerator inlet, K 410.6
Regeneration zone temperature, K 903-1003
Air pressure atthe regenerator inlet, MPa 0.42
Pressure in the regenerator sedimentation zone, MPa 0.17
Amount in flue gases of regeneration,% vol:

- CO/CO02 0.0009/11.86
-02/N2 4.94/83.19

Table 2. The material balance of the KT-1/1 regenerator (calculation)

Flow Value

tons per day %
Input:
- catalyst 53 219.8 95.84
- coke after reactor 251.3 0.45
- air 2 060.9 3.71
total 55 532.0 100.00
Output:
- catalyst 53 219.8 95.83
- coke after regenerator 54.3 0.098
- flue gases 2 236.7 4.03
total 55 510.8 99.96

3. Development of regeneration model of zeolite-containing cracking catalysts

The main stagesfor the modeling the oxidative regeneration of zeolite-containing cracking
catalysts are the following:
- conducting the thermodynamic analysis of all possible reactions in the regenerator;
- determination of the hydrodynamic mode of the regeneratorin the fluidized bed of the
catalyst;
- establishing the probable scheme for coke oxidation on the surface of the cracking catalyst;
- development of a kinetic and mathematical model of the regeneration;
- verification of the mathematical model.

3.1. Thermodynamic analysis of the oxidative regeneration reactions

A calculation of the thermodynamic functions changing of the model reactions at the tem-
perature range from 808 to 1003 K and a pressure of 1 bar was made in order to estimate
and forecast the reactions probability and the carbon transformations products formation 18],
This temperature range corresponds to the regenerator process conditions. As it is known, the
coke compounds on the surface of the catalyst are characterized by a complicated structure,
and the thermochemical information for such compounds is limited in the literature. Therefore,
it was accepted toinvestigate the coke structures reactions on the example of the combustible
component - carbon in the oxygen atmosphere of air and water vapor (Tab.3).
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Table 3. The dependence of the thermodynamic functions changing of model reactions at a temperature
T =808 + 1003 K and pressure 1 bar

Reacti kJ/(mol-K) kJ/mol
eaction A,S? AHE AGY
2Ccoke + 02 = 2CO 0.169+0.166 -(226.35+229.10) -(362.97+395.19)
2C0O + 02 = 2C02 ~(0.167+0.165) ~(562.76+561.20) ~(427.60+395.36)
Ccoke + O2 = CO2 0.001--0.000 -(394.56+395.15) -(395.28+395.27)
Ccoke + H20vapor = CO + H2 0.127+0.124 127.81+125.71 25.00+0.90
Ccoke + CO2 = 2CO 0.168+0.165 168.20+166.05 32.31+0.09

The thermodynamic analysis results of model reactions showedthat the exothermic reac-
tions (1) - (3) (A,GY < 0) predominate and the endothermic reactions (4)-(5) are improbable
(A, G2 > 0)) under regenerator process.

3.2. Determination of the hydrodynamic mode of the regenerator

Hydrodynamic calculations [*9-2%1 showed that the catalyst bed in the regenerator passes
into the fluidization state at the flue gas velocity of 0.0014 m/s (calculated on the free area

by (1)):

2
o, 201005.83.w, (1)
u-(1-¢)
_ 14 9-d-(r.—7.)
a)sv_\/s C}/a 1 (2)

The destruction of the fluidized catalyst bed, which is characterized by the elutriation of the
solid particles from a fluidized bed, occurs when the velocity is above than the suspension
velocity of 0.23 my/s (2):

The actual velocity of the regeneration flue gas (3) is 0.69 m/s (3):

CF-Q-R-(T,+T;)
. = (Pb"'Pf)'Tb (3)
« 3600- A

here d-the average (effective) diameter of the catalyst particle, m; y« — the apparent density
of the catalyst, kg/m?; vy, and y - the density (kg/m?®) and the dynamic viscosity (kgf/m?) of
the fluidizing agent; g - the intensity of gravity, m/s?; ¢ - the resistance coefficient; CF - the
coke accounting constant in the regenerator (1,035); Q: — the total air flow to regenerator,
m?/h at standard conditions; Ps - the atmospheric pressure, kgf/cm?; T, - the standard tem-
perature (273.15) K; Tr - the temperaturein the regeneration zone, K; P, — barometric pres-
sure, kgf/cm?; P- - the average absolute pressure in the catalyst bed, kgf/cm?; A: - sectional
area of the regenerator (89.88 m?).

It can be considered that the fluidized bed is an approximation to the plug-flow reactor
because the actual velocity of regeneration flue gases exceeds the value of the suspension
velocity (Wir<<wsy <<Wav).

3.3. The development of the kinetic model of the oxidative regeneration of zeolite -
containing cracking catalysts

k, The results of the thermodynamic analysis of all
‘O:/.' e possible reactions in the regenerator at the tempera-
+0, kt.+ 0, ture range 808-1003 K allow suggesting a conversion
Cooke k, k. scheme during the regeneration (Fig. 2).
0, ~~—3 Fig. 2. The scheme of coke oxidation on the catalytic crack-
ks £ in
g catalyst
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By the coke oxidation scheme on the cracking catalysts surface, the mathematical model
of the oxidative regeneration in the fluidized catalyst bed in steady state conditions of the
plug-flow reactor was developed (4) (the assumption of quasi-homogeneity of the components
was adopted):

dccw _ be'xcd:fedca[ i be'xcd;:edcat ‘ .
__Z'kl' s | % _k4' s | Cop
d T MMcoke ’ MMcoke ’
2 2
dCO Do - Xdeatcat D Xdeadcat
2 :_kl. w .co _kz.ccoz.co _ks.ccoz.co _k4. w .CO ;
dr [ MMcoke ‘ ‘ ’ MMcoke ’
2
dc,, P Xeie .
d—;_azz-kl.[w 'C(Jz_Z'kZ'CCOZ'C(JZ_Z'kS'CC()Z'C()Zv (4)
coke
dCe, P * Xcd:;edcat
TZ:Z'kZ'CCOZ'COZ+2'k3-CCOZ-COZ+k4'[WCOke 'COZ;
K P cd;;edcal 2 2 pfb'xcd:f:cal
dT ' m .COZ.AHI-'_kZ.CCO .COZ.AH2+k3.CCO .COZ.AH3+k4. kae 'COZ'AHA
dr o' -c;

here dCi/dT —-change in the concentration of the i-th reaction reagent by contact time, mol/(m?:s);

ki — the rate constant of the i-th reaction according to the Arrhenius equation, c™*; p» - the
Xdeadcat

density of the fluidized bed of the catalyst, kg/m?®; X, - coke quantity on the coked cata-

lyst; Xa =0...1 ; MM.e — the molecular weight of coke, kg/mol; ci- the current concen-

tration of the i-th reaction reagent, mol/m?; p’- the density of the reaction mixture, kg/m?;

C; - the specific heat of the reaction mixture, k1/(kg-K); dT/dr_ the temperature change in
the regenerator by contact time, K/s; AH;-the thermal effect of the corresponding reactions,
kJ/moI; the initial conditions: T=0; Ccoke=Ccoke,o; Co2=C 02,0, Cco=0; Ccoz=0; T=To.
The contact time in the volume of the is calculated according to (5):
Vi,

ro_b (5)

Vcoke +Vair
here Vi - the volume of the fluidized bed of the catalyst, m?; Veoke — the coke amount on the
catalyst surface fromthe reactor, m*/s; V. — the total air flow for regeneration, m3/s.

The software implementation of the model is carried out using the PascalABC.NET inte-
grated programming software.

The kinetic parameters of the oxidative regeneration reactions of the zeolite -containing
cracking catalysts presented below were determined by solving the inverse kinetic problem
using the experimental data from the industrial catalytic cracking unit for a long period of its
operation. The activation energy values of the reactions are taken according to the literature
data review [21],

Also, at the stage of the kinetic parameters establishing, it is important to estimate the
pore-diffusion resistances presence for determining the kinetic region boundaries. Also, in
accordance with [?21, the regeneration of the microspherical cracking catalysts in the fluidized
bed is characterized by the kinetic region at temperatures up to 923 K, by the transition region
at 923-943K and by the diffusion region at temperatures above 943 K.

Estimation of the pore-diffusion resistances presence by the Thiele modulus (6) and the
effectiveness factor (7) values for an average particle size of 90 ym showed that the pore-
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diffusion resistances of the regeneration reactions on the zeolite-containing cracking catalysts
are absent.

L (6)
Ders

3 (e"+e” 1

77—;' e y) (7)

here L - the catalyst grain size equal to the volume to the outer surface ratio, m, kK — the
reaction rate constant, n - the reaction order, Co—- the reagent concentration, mol/l, Des—
effective diffusion factor, m?/s.

It is connected with the Thiele modulus value does not exceed @y < 1 for first-order reac-
tions, and the effectiveness factor of the catalyst grainuseis ~ 1 (Tab.4).

The developed model of the regenerator allows forecasting the coke amount on the re-
generated catalyst, the flue gases composition, the regeneration temperature.

Table 4. The kinetic parameters of regenerationat T = 945 K and P = 0.17 MPa

Reaction K0,s  Ea kYmol k() st  mee  FEffectiveness
2Ccoke + 02 = 2CO 7.92:10° 99.1 2.62 0.10 0.999
2C0 + 02 = 2C02 6.52:10° 50.4 10.65 0.21 0.997
2C0 + 02 = 2CO2 (catalytic) ~ 8.38-105 90.8 7.98 0.18 0.998
Cooke + 02 = CO2 2.90-10° 65.2 71.90 0.54 0.981

3.4. Verification of the mathematical model

Calculated and experimental data comparison from the industrial catalytic cracking unit
showed that the mathematical model describes the process with high accuracy (Fig. 3, 4), this
model takes into account the physico-chemical and kinetic patterns of the coke oxidation re-
action with the air.

2 1100 & m 67E2 16 85
- - q = 4 2
gl [ s7E2 3
= s S -
£ 1040 —X X X A 4,JE-2 . 10 83 ¢
& 1020 3.7E2 £ T s e
@ 3,02 & > ~
= 1000 ¥ 7 . 6 82 &
g 199 v £ | 27E2 € £ 4 --ﬁ.l'l’ 51 &
2 960 % % 1.7E2 S 22 =
g 940 * e e = B o E 0 x K K X X X X X M 30 2
S o X 7.0E-3 = = ]
= 920 =2 ) G N G A N g sy £
£ 900 -30E-3 0 4 et T T T T e, e, A
2 A A A N R N U N N A
So M e, N, s N T T e, TG,
g g e, W, R, . : ’ Data
=4 R s N
Data +O2experiment WO2calculation A COexperiment
& T experiment T calculation COcalculation + CO2experiment ® CO2calculation
Coke experiment Coke calculation N2 experiment -N2 calculation

Fig. 3. Comparison of calculated and experimental Fig. 4. Comparison of calculated and experimental
data in the residual coke amount and the rege- data in the flue gases of regeneration (02, CO, CO2,
neration temperature N2)

The average relative errors are 5.6% at the calculation of the coke amount on the regen-
erated catalyst, 5.3, 4.8%, 4.9 %, 0.9% at calculations of O, CO, CO;, the N> amount in the
flue gas of regeneration relatively.

In addition, a different dynamics of coke oxidation is observed depending on the various
initial conditions (temperature and air consumption, initial coke concentration and catalyst
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temperature from the reactor outlet). The use of the developed model will ensure accounting
of these factors at optimization of the reactor and regenerator process conditions.

4. Conclusions

The thermodynamic and kinetic patterns of the oxidative regeneration of zeolite-containing
cracking catalysts were discovered by the proposed coke oxidationscheme. It was determined
that the coke oxidation reactions with the carbon dioxide formation (AGay = -395.28 kJ/mol,
k = 71.90 s'!) and the afterburning of carbon monoxide in the gas phase (AGay = -411.48
kl/mol, k = 10.65 s-1kJ/mol) are characterized by the greatest thermodynamic probability
and the highest reaction rates. Also, the least intensive reaction under process conditions is
the coke oxidation reaction with carbon monoxide formation (AGay=-395.19 kl/mol, k=2.62 s°1).

The adequate mathematical model of the oxidative regeneration of zeolite-containing crack-
ing catalysts with justification the plug-flow reactor mode was developed (the maximum rel-
ative erroris 5.6%.).

The mathematical model allows forecasting the coke amount on the regenerated catalyst,
the flue gases composition and the regeneration temperature depending on the process con-
ditions of the catalytic cracking reactor and regenerator.

The application of the mathematical model allows to optimize the reactor and the regener-
ator process conditions, to prevent theirreversible deactivation of the catalyst (thermal deac-
tivation), to forecast the residual coke and the catalyst activity, and to estimate the amor-
phism degree of coke regarding C/H ratio.
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Abstract

An appropriate injection well completion design requires a knowledge of pressure and temperature
profiles along the depth of the well. The results of sensitivity analysis can be used for preliminary
design calculations of injection wells to find the optimum injection surface parameters and wellbore
completion. In this study, the surface injection parameters and wellbore geometry are varied to
examine the sensitivity of the results for various parameters by using the numerical model during
water and gas injections. The results revealed that the temperature profile can be calculated for
a single phase with a small error in absence of the pressure profile, the error is less than 3 %. It
is found that the contribution of the acceleration term is too weak for building pressure and tem-
perature profiles (less than 0.001%). Further, those comparisons of the results showed that except
near the critical point, the pressure profile is not sensitive to the wellhead injection temperature
(less than 1 %).

Keywords: Energy balance; momentum balance; radiation heat transfer; wellbore design.

1. Introduction

It has been one of the perennial objectives of the oil industry to increase the oil recovery
factor for a given reservoir at the minimum possible cost. This goal has led to the development
of numerous improved oil recovery (IOR) techniques [*-3]1, Gas (methane, CH4, and carbon
dioxide, COz2) and water injections are among the most common IOR methods used in industry.
An Injection well is needed to implement those IOR techniques. An appropriate injection well
completion design requires a knowledge of pressure and temperature profiles along the depth
of the well [4-°], The results of sensitivity analysis can be used for preliminary design calcula-
tions of injection wells to find optimum injection surface parameters and wellbore completion
(e.g. diameter of casing). It will further direct us to parameters which can also influence the
pressure and temperature profiles.

2. Methodology

In this study, the surface injection parameters and wellbore geometry are varied to exam-
ine the sensitivity of results for various parameters by using the numerical model developed
Moradi et al. 161, Fig. 1 represents flowchart of the calculation procedure of the numerical
model. This numerical model has been selected for conducting the comparison due to it considers:
1. Joule Thompson effect in the wellbore.

2. Variable thermodynamic properties and overall heat transfer coefficient along the well depth.
3. Contribution of kinetic term in the energy balance equation.
4. Contribution of friction and acceleration terms in the momentum balance equation.
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Sensitivity studies start with a base case that uses the typical wellbore parameters. Table 1
shows input values used for the base case. Then one parameter at a time is changed to dis-
cover the corresponding changes of the wellbore behaviour. This work conducts sensitivity
analyses to study effects of wellhead injection temperature, wellhead injection pressure, in-
jection mass flow rate, tubing size, overall heat transfer coefficient, radiation heat transfer,
and contribution of different parameters for momentum balance and energy balance.

Table 1. Input parameters as the base case

Parameter Value Unit
Depth of the well 914.4 m
Deviation of wellbore from horizontal level 90 degree
Diameter of the wellbore 0.384 m
External diameter of the casing 0.128 m
External diameter of the tubing 0.07424 m
Geothermal temperature gradient 0.0364 °C/m
Injection mass flow rate 1.8 kg/s
Injection temperature at the wellhead 25 °C
Injection time 100 Day
Internal diameter of the casing 0.1152 m
Internal diameter of the tubing 0.064 m
Mean temperature of the surface 21.1111 °C
Thermal conductivity of the cement 0.3462 W/(m.°C)
Thermal conductivity of the earth 2.4234 W/(m.°C)
Thermal diffusivity of the earth 0.00372 m2/s
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—l Calculate the earth temperature

For initial guess T;5=T, |

}

Assume an arbitrary value for the AQ/Az

/ Assume arbitrary values for To.a & Pra: /
L J /
Momentum
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l
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No l

Solve the m om entum equation and obtain new pressure,
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Fig 1. The procedure for calculating the pressure and temperature profiles along the borehole [6]
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3. Effect of wellhead injection temperature

Fig. 2 represents temperature profiles of the fluid flow in the tubing versus depth at differ-
ent wellhead injection temperatures (25°C, 65°C, and 105°C) during water, CO2, and CHa4
injection processes respectively. Comparisons of the results illustrate that the temperature
change of water between the wellhead and bottomhole is less than CO2 and CHs; due to the
fact that the heat capacity of water is larger than CO2 and CH4 at temperature of 25°C, 65°C, and
1050C [10],

In addition, the results show that the fluid flow temperature inside the tubing during hot
fluid injection is much higher than the earth temperature. This fact should be considered dur-

ing well completion and surface facilities design.
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Fig. 2. Temperature profile during water, carbon dioxide, and methane injection at different wellhead
injection temperature (—— ) Tinj: 25 (°C); (= ) Tinj: 65 (°C); (------ ) Tinj: 105 (°C); ( ) Geothermal
temperature

Fig. 3 illustrates pressure profiles of the fluid flow in the tubing versus depth at different
wellhead injection temperatures during water, CO2, and CH4 injection processes respectively.
Comparisons of the results illustrate that, except near the critical point, the pressure profile is
not sensitive to the wellhead injection temperature during water, supercritical CO2, and CHa4
injection cases (less than 0.2 MPa), due to the fact that density changes are negligible in a
small range of temperature changes at a specific phase. For CO: injection case, there is a
large temperature profile change between Tip; = 259C and Tin; = 65°C & 105°C due to phase
change. CO: exists in liquid phase and near its critical point at Tin; = 25°C and it is a dense
phase at this temperature but CO2 changes to supercritical phase at T= 65°C &105°C as it has
low density in supercritical condition [11-12]1 since the build up of the pressure at Tin; = 25°C

is larger than Tin; = 65 °C & 105 °C.
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Fig. 3. Pressure profile during water, carbon dioxide, and methane injection at different wellhead injec-
tion temperature. (—— ) Tinj: 25 (°C); ( ) Tinj: 31.1 (°C) [Critical temperature of CO2]; (-~ ) Tinj:
65 (°C); (------) Tinj: 105 (°C)

4. Effect of wellhead injection pressure

Fig. 4 represents temperature profiles of the fluid flow in the tubing versus depth at differ-
ent wellhead injection pressures (4.8 MPa and 6.8 MPa) during water, CO2, and CH4 injection
processes respectively. Comparisons of the results illustrate that the temperature profile is
not sensitive to the wellhead injection pressure and the difference is less than 1.5°C. Fig. 5
shows pressure profiles of the fluid flow in the tubing versus depth at different wellhead in-
jection pressures during water, CO2, and CH4 injection processes respectively. Pressure gra-
dient for water case is larger than CO2 and CHa4 cases because water has larger density [10-11],

5. Effect of injection mass flow rate

Injection mass flow rate determines the fluid production rate and thus, it is a significant
variable 131, Fig. 6 represents temperatures profiles of the fluid flow in the tubing versus
depth at different injection mass flow rates of 0.8, 1.8, 2.8, and 3.8 kg/s for water, CO2, and
CH4 injection processes respectively. Comparisons of the results illustrate that temperature
differences between the bottomhole and wellhead decreases by increasing the mass injection
rate. This is due to the fact higher injection mass flow rate equals higher velocity, therefore
the wellbore flow has less time for the heat transfer with the surrounding. The wellbore flow
temperature during CHa4 injection case is more sensitive to injection mass flow rate due to its
small density and consequently higher velocity.

Injection mass flow rate strongly affects pressure changes during flow as shown in Fig. 9
during water, CO2, and CH4 injection processes respectively. As one would expect, the bot-
tomhole pressure decreases with an increase in injection mass flow rate due to increasing the
velocity and subsequently increasing the friction term.
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6. Effect of tubing size

The tubing radii of 0.01905, 0.03175, and 0.508 m were considered in this work to study
the effects of the tubing radius on the temperature and pressure profiles. Fig. 7 represents
temperature profiles of the fluid flow in the tubing versus depth at different tubing radius sizes
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during water, CO2, and CHs injection processes respectively. Comparison of the results illus-
trates difference in temperatures between the bottomhole and wellhead decreases by decreas-
ing the tubing radius size. It is because radiation heat transfer between tubing and casing is
the predominant heat transfer mechanism for the wellbore and the radiation heat transfer rate
is inversely proportional to radii difference of the tubing and casing. Therefore, by decreasing
the tubing radius (for a constant casing size), heat transfer rate also decreases. In addition to
that, higher fluid flow velocity occurs in the thinner pipe since the wellbore flow has less time
for heat transfer with the surrounding in smaller tubing sizes. The wellbore flow temperature
during CHs injection case is more sensitive to the tubing radius size due to its low density and
consequently higher velocity. Fig 8 illustrates pressure profiles of the fluid flow in the tubing
versus depth at different tubing radii during water, CO2, and CH4 injection processes respec-
tively. As one would expect, the pressure at the bottomhole decreases with a decrease in the
tubing radius due to increasing the velocity and consequently increasing the friction term.
There is higher pressure drop for CH4 injection than water and CO2 by decreasing the tubing
radius because of its low density and consequently higher velocity. The bottomhole pressure
decreases more than 5 MPa for a small tubing radius.

7. Effect of overall heat transfer coefficient

Overall heat transfer coefficient (Uw) present thermal conductivity of the wellbore assembly [101,
The thermal resistivity of the wellbore assembly increases by decreasing overall heat transfer
coefficient and the heat transfer rate is a linear function of overall heat transfer coefficient [6],

Fig. 10 presents temperature profile of the fluid flow in the tubing versus depth at wellhead
injection temperature of 105°C and different overall heat transfer coefficients and injection
times during water, CO2, and CH4 injection processes respectively. Comparisons of results for
small overall heat transfer coefficient show that the difference of temperature profile in the
early and long times is negligible due to lower heat transfer rate between the wellbore flow
and wellbore assembly. The difference of bottomhole temperatures are less than 1°C. How-
ever, heat transfer rate increases by increasing overall heat transfer coefficient since there is
higher temperature drop in long times. Fig. 11 illustrates pressure profile of the fluid flow in
the tubing versus depth at wellhead injection temperature of 105°C for different overall heat
transfer coefficients and injection times during water, CO2, and CHa4 injection processes re-
spectively. Comparisons of the results show that the pressure profile is not sensitive to the
overall heat transfer coefficient. The difference in bottomhole pressures is less than 0.4 MPa.

8. Effect of radiation heat transfer mechanism

Some commercial software packages [14-15] fail to consider radiation heat transfer mecha-
nism in calculating the wellbore flow temperature. The contribution of the radiation heat trans-
fer mechanism in building the temperature profile is studied in this section. Temperature pro-
file versus depth during water, COz, and CH4 injection processes at different wellhead injection
temperatures with and without consideration of the radiation heat transfer mechanism is pre-
sented in Fig. 12. Comparisons of the results show that the consideration of the radiation heat
transfer mechanism is not important at low temperature injection (difference in bottomhole
temperatures is less than 1°C with and without consideration of the radiation heat transfer
mechanism); but by increasing the difference between the wellbore flow temperature and the
formation temperature especially during hot fluid injection, it becomes an effective mechanism
in heat transfer and it must be considered in temperature profile computations.

Fig. 13 illustrates pressure profiles of the fluid flow in the tubing versus depth at different
wellhead injection temperatures during water, CO2, and CH4 injection processes respectively.
Comparisons of the results that show the pressure profile is not sensitive to the temperature
profile and radiation heat transfer mechanism. The difference of the bottomhole pressures
with and with consideration of radiation heat transfer is less than 0.2 MPa.
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9. Effective parameters for momentum balance

The total pressure gradient is the sum of the hydrostatic gradient, acceleration gradient,
and frictional gradient [161, Fig. 14 represents the hydrostatic, acceleration, and frictional terms
versus depth respectively. Comparisons of the results [6]1 show that the contribution of the
acceleration term is so weak to build a pressure profile (less than 0.0001 MPa) therefore it
can be ignored to conduct faster calculations. The gravity term is the predominant term for
building the pressure profile for dense fluid flow (e.g. liquid or near critical point phase) but
its contribution reduces in gas phase flow as shown in Fig. 14.
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10. Effective parameters for energy balance

The energy balance equation includes the change in kinetic energy, potential energy per
unit mass, and heat transfer rate between wellbore and formation. The potential energy per
unit mass (gdz) is constant along the wellbore depth and its contribution depends on the
length of the wellbore.

Fig. 15 represents heat transfer at the wellbore/formation interface and Fig 16 shows change
in kinetic energy along the wellbore depth calculated by the new procedure. Comparison of
Figures 15 & 16 reveals that the kinetic energy change is negligible (less than 0.02 kJ/kg) and
therefore, ignoring the kinetic energy term in energy balance equation is a reliable assumption
to increase the speed of calculations.

11. Conclusions

In this study, the surface injection parameters and wellbore geometry are varied to exam-
ine the sensitivity of results for various parameters by using the numerical model developed
Moradi et al. [61, The main findings are summarized below:

e During the hot fluid injection, radiation becomes an effective mechanism in heat transfer
and it must be considered in temperature profile computations.

e For single phase, the temperature profile can be calculated with a small error in the absence
of the pressure profile, (the error is less than 3 %).

e The contribution of acceleration term is so weak for building pressure and temperature

profiles (less than 0.001%).

e The pressure profile is a strong function of the tubing size. The bottomhole pressure de-
creases more than 30 % for a small tubing radius than a large radius.

e Except near the critical point, the pressure profile is not sensitive to the wellhead injection
temperature (less than 1 %).

Nomenclature

CH4 Methane
CO:; Carbon dioxide
Massini  Injection mass flow rate (kg/s)

Pinj Wellhead injection pressure (MPa)

t time (hr)

Tinj Wellhead injection temperature (°C)

Utot Overall heat transfer coefficient (W.m=2, °C1)
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Abstract

This research was carried out to produce biodiesel from waste vegetable oil using homogenous
and heterogeneous catalysis and hence obtain a good basis for effective comparison of the two
processes. The percentage conversion of the waste vegetable oil to biodiesel and its fatty acid
methyl ester (FAME) content were determined using established correlations. Potassium hydroxide
(KOH) and calcium oxide (CaO) were respectively used for the homogenous and heterogeneous
catalysis. From the results obtained, the highest conversion obtained from the homogeneous ca-
talysis was 85.63% while 88.51% conversion was obtained from the heterogeneous process. FAME
contents of the biodiesel produced from the homogenous and heterogeneous processes gave
94.19% and 97.87% respectively. The yield of biodiesel obtained from the homogenous process
was 89% while the yield from the heterogeneous process was 75.1%. The average densities were
0.874g/mL and 0.892 g/mL of biodiesel produced using homogenous and heterogeneous catalysis
respectively. The average viscosity was 4.59 cSt at 65°C at 150 minutes reaction time for biodiesel
produced using a homogenous process and 4.23cSt at 150 minutes reaction time for biodiesel
produced using the heterogeneous process.

Keywords: Biodiesel; quality; monitoring; models; processing.

1. Introduction

Biodiesel is one of the many energy alternatives that can help in reducing the over depend-
ence on fuels from fossil origin [1-31, It is derived from renewable sources such as vegetable
oil or animal fats which can complement the conventional petroleum diesel fuel [, The in-
creasing use of fossil fuels has caused several social and environmental challenges over the
years such as high levels of land, air and water pollutions, global warming through the release
of greenhouse gases (GHG) (COz, CHa4), coupled with increasing cost of production leading to
high energy and transportation costs [41, In comparison to fossil fuel, greenhouse gases emis-
sions are reduced by about 41% during production and combustion of biodiesel [51' e.g. B20
reduces CO2 by 15%. Thus, biodiesel is increasingly becoming the most attractive alternative
energy source to petroleum diesel [2/6-71 It can be produced based on need with less pollution
problems [8],

Generally, though, biofuels only offer a partial solution to many of the problems associated
with fossil fuel usage. Hence there is the need to encourage more stakeholders’ involvement
in the full development of biodiesel production in order to mitigate the associated problems
with fossil fuel usage. At the moment, there are a few hundreds of persons, industries, and
agencies that are into biodiesel production using diverse processes such as homogeneous
alkali-catalysed trans-esterification, acid esterification followed by base catalysed trans-ester-
ification of vegetable oils or animal fats, heterogeneous catalysis (solid acid catalyst) or enzy-
matic process [9-16]1, Bjodiesel is the end product of all these processes.

Pet Coal (2018); 60(6): 1304-1313
ISSN 1337-7027 an open access journal

1304



Petroleum and Coal

The major reaction taking place is that between the vegetable oil and alcohol in the pres-
ence of a catalyst to form esters and glycerol [7], Thus, the quality of biodiesel obtained from
these varied processes is expected to vary considerably. Amongst the factors affecting bio-
diesel quality are, fatty acid content [61, the processing methods, conditions of processing
(temperature, catalyst type, and dosage, agitation speed and time), water content, the type
and quality of raw materials [ 181, Any change in the feed source especially that of vegetable
oils, the composition of the biodiesel and consequently the properties of the biodiesel also
change [°1. ASTM D6751 and EN 14214 are two specification types for standardizing the prop-
erties of biodiesel products and some of these properties include: viscosity, cold flow, flash
point, cetane number, oxidative stability, iodine value, density, acid value, Free and total
glycerol, Na, K, Mg, Ca, P, S, water and sediment, sulphated ash, carbon residue [2/ 19],

More often than not, monitoring, testing and setting biodiesel standards require very so-
phisticated machines such as the nuclear magnetic resonance (NMR) spectrometer, high per-
formance liquid chromatograph (HPLC), gas chromatograph-mass spectrometer, flame ioni-
zation detector (FID) or electron capture detector (ECD), Fourier Transform Infrared Spec-
trometer (FTIR) and a host of others, which are cost prohibitive and inaccessible to most bio-
diesel producers in developing countries. Mostly affected are the rural farmers who cannot
afford this very expensive analytical equipment. It has been shown that when biodiesel is well
processed, its quality and efficiency become more significantly better than petro diesel [°],

For predicting the properties of biodiesel, various models have been developed using vari-
ous feed oils and their blends to determine the quality of biodiesel [?r20]- Each model is used
for the prediction of a given property of the biodiesel [1°], Literature reveals that there is a
great volume of work done in the process design and manufacturing of biodiesel from various
vegetable oils and a few prediction models for the very important properties of biodiesel [10],
The acid value (AV) is one of the analytical parameters usually employed to evaluate the
quality of biodiesel 211, Quality control of biodiesel fuel based on an acid value is very im-
portant in the determination of the rate and extent of conversion of the vegetable oil or fat to
biodiesel.

Biodiesel is essentially composed of fatty acid methyl (or ethyl) ester (FAME or FAEE) de-
pending on the alcohol (methanol or ethanol) used during the trans-esterification process and
varying amounts of fatty acids. The fatty acid content is usually quantified or quoted as an
acid number [22]1, The acid-number limit for biodiesel, ASTM D 6751, has been set at 0.5. As
the acid value (AV) of the biodiesel/oil system decreases, the percentage conversion of the oil
to biodiesel increases. It is advantageous to have an acid value that is as low as possible
signifying a high level of conversion of the triglycerides to biodiesel. The acid humber of bio-
diesel fuel is measured according to JIS, ASTM D 664 or ISO standards either by potentiom-
etric or volumetric titration [21-221, Regulating bodies have established specifications for AV
obtained from biodiesel analyses so as to set the quality of biodiesel obtained from the nu-
merous production techniques used by biodiesel producers [21- 231, The high acid value is an
indication of the presence of unreacted vegetable oil in the biodiesel product which invariably
affects the overall quality or properties (viscosity, cetane number, cold flow, pour point, flash
point, density, etc.) of the biodiesel. Thus, with a single quality parameter (acid value), the
percentage conversion of vegetable oil to biodiesel can be estimated using proven mathemat-
ical models. Consequently, during in-process checks in biodiesel processing plants, progres-
sive monitoring of the acid number of biodiesel will give an indication of the level of complete-
ness or extent of the trans-esterification reaction. This approach can then be popularized and
used by many biodiesel producers especially with the rural populace who cannot afford the
expensive and most times sophisticated biodiesel testing machines. In this study, the acid
values of biodiesel formed were monitored against the reaction time and the values obtained
were used to calculate the corresponding percentage conversion of waste frying oil (WFO)
using Wang’s correlation [24]1 and Fame content using Felizardo’s correlation [251, Both the
homogenous and heterogeneous catalytic processes were employed at different reaction tem-
peratures and times.
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2. Materials and method
2.1. Materials

The waste frying oil used in this study was sourced from the Covenant University cafete-
ria, Ota, Nigeria. Reagents such as methanol (technical grade), potassium hydroxide pellets
(85.0 % minimum assay, Qualikems), anhydrous calcium oxide (Sigma-Aldrich, >99.99%
purity), were obtained from authorized manufacturers. Hot plate magnetic stirrer (JENWAY
1000 ST15 0SA, UK), weighing balance (Scout Pro SPU2001, China), Petroleum products
kinematic viscosity tester (SYD-265D-1), stopwatch (Samsung tab clock), Mercury-in-glass
0-360° thermometer (UNISCOPE), reflux condenser. All glassware was J-SIL Borosilicate
glass.

2.2. Experimental procedures
2.2.1. Pre-treatment of waste frying oil

1 litre of the waste frying oil (WFO), was filtered using sieve cloth to remove bits of food
residues and 500 mL of it was then heated at 115° C to a constant weight to remove its
water/moisture content.

2.2.2. Catalyst preparation (homogenous catalyst)

Potassium hydroxide pellets (1.1g of 0.8 w/w of WFO) were placed in a conical flask con-
taining 144.4g of methanol. The conical flask was stoppered and agitated to ensure complete
dissolution of the pellets in the methanol.

2.2.3. Trans-esterification of oil using a homogenous catalyst

The method earlier described [26-271 was used for the trans-esterification reaction in this
study. In doing this, a fixed amount of freshly prepared and well stirred KOH-methanol mix-
ture was first added into the reactor (3-necked flat-bottom flask) equipped with a reflux con-
denser, a quick fit thermometer and a port for charging of the feed and then preheated to 40°
C. The measured pre-treated WFO which was also pre-heated to the same temperature in a
beaker on a hot plate was then carefully charged into the reactor under constant agitation and
heating until the reaction temperature was achieved. The time of reaction started when the
reaction reached the required temperature (40, 50, 55, 60, 65°C). The reaction was stopped
after the present reaction times of between 30 to 150 minutes were respectively achieved.

2.2.4. Transesterification of oil using a heterogeneous catalyst

The same experimental set up as in section 2.2.3 was used. Except that instead of KOH -
ethanol mixture, a fixed amount of freshly prepared well stirred CaO-methanol mixture was
used at a ratio of 9:1 methanol to oil. The best reaction temperature obtained from the ho-
mogeneous process (60° C) was used here but at a varied reaction time of between 30 and
150 minutes.

2.2.5. Separation of biodiesel and glycerol phases

The products of reaction from the above sections were transferred to a separating funnel
and allowed to settle for between 6 to 12 h to give two distinct phases of biodiesel on top and
glycerol or aqueous phase at the bottom. The glycerol was then carefully drained out into a
container while the biodiesel was left in the separating funnel for the washing stage.

2.2.6. Biodiesel washing and drying

The biodiesel phase obtained was then washed with warm deionized water several times
until the washing water became very clear. Water was then drained out from the separating
funnel while the washed biodiesel was drained into a beaker for drying. The washed biodiesel
was dried by heating to 115° C until a constant weight was obtained.
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2.2.7. Determination of acid value of biodiesel

Methanol was neutralized with 0.1N NaOH using phenolphthalein as indicator. Ten (10) g
of the biodiesel was weighed into a beaker. Then 50 ml each of benzene and the neutral
alcohol were poured into the beaker containing the biodiesel sample. The mixture was stirred
vigorously to ensure proper mixing and was then titrated with 0.1M KOH which was previously
prepared using 3-4 drops of phenolphthalein indicator until a colour change (pink) was per-
sistently observed for 15 s. The steps were repeated, and the average values were calculated.
The acid value was calculated using equation 1 shown below;
QX56.1XM

w
where: W = weight of sample; M = strength of KOH; Q = average titre value.

Acid value =

(1)

2.2.8. Determination of percentage conversion of WFO to biodiesel

The determination of the percentage conversion of WFO to biodiesel was based on Yong’s
correlation [241 as given in equation 2:
. AVypiodi
% conversion = (1 - M) x 100% (2)
AVwFo
where: AVyro is acid the value of the waste frying oil (WFO); AV,;p4iese; 1S acid value of the

biodiesel.
2.2.9. Specific gravity/density

A dry cleaned empty 50 ml density bottle was weighed and the mass recorded as M, it was
then filled up with distilled water and subsequently with the sample with their weights taken
as M1 and M2 respectively. The densities of the distilled water and biodiesel were then calcu-
lated from equation 2. Hence, the specific gravity was evaluated as shown below:
Density(g/cm3) _ weight of (density bottle and content)—weight of empty bottle (3)

weiht of equal volume

2.2.10. Cloud and pour points

A sample of the biodiesel was placed in a test jar to a mark and then placed inside a cooling
bath. The temperature at the bottom of the test jar which is the temperature at which the
biodiesel starts to form cloud was taken as the cloud point while the lowest temperature at
which the fuel continues to flow was recorded as the pour point.

2.2.11. Kinematic viscosity

A viscometer was inserted into a water bath with a set temperature and left for 30 min.
The sample was added to the viscometer and allowed to remain in the bath to equilibrate or
attain the test temperature. The sample was then allowed to flow freely and the time required
for the lower meniscus of the biodiesel sample to pass from the first to the second mark was
taken using a stop watch. The procedure was repeated a number of times and the average
time values were recorded. The kinematic viscosity of each sample was then calculated from
equation 4.

Kinematic viscosity = t x K 4)
where K is 0.4959, the viscometer calibration factor.
2.2.12. Estimation of the FAME content of biodiesel
The Felizardo’s correlation [251 (equation 4) was used to estimate the percentage FAME con-
tent of the biodiesel samples produced.
FAME% = -45.055Iny + 162.85 (5)
where y is the viscosity of the biodiesel sample produced [25],
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3. Results and discussion

3.1. Effect of variation in temperature and time on yield for biodiesel produced us-
ing homogenous and heterogeneous catalysis

From Table 1, the free fatty acid content of the WFO gave 1.74%. The value was far less
than 5% and hence the choice of a single step trans-esterification process using KOH as the
catalyst.

Table 1. Physiochemical properties of waste frying oil used for the production of biodiesel

Property Value Property Value
Colour Dark brown Molecular weight of FA(g/mol) 263.92
Density (g/cm?3) 0.91 Pour point (°c) -3
Specific gravity 0.911 Cloud point(°c) 20
FFA value (%) 1.74 Acid value (mg KOH/g) 3.48
Saponification value 148.7 Kinematic viscosity (cSt) at 40°c 54

The research was designed so as to compare the extent of conversion of WFO to bio-diesel
between two catalytic processes - heterogeneous and homogenous catalysis. Potassium hy-
droxide was used as the homogeneous catalyst while CaO was used as the heterogeneous
catalyst. From Table 2, varied reaction temperatures and times were investigated principally
to decide the overall best optimal reaction conditions in the trans-esterification of WFO to its
corresponding biodiesel using the homogeneous catalytic process. The highest yield of 89%
was obtained at 60°C. Hence it was this condition that was imposed on the heterogeneous
trans-esterification of the WFO to its bio-diesel, (see Table 3).

Table 2. Results for biodiesel produced using a homogenous catalyst

Sample Temp. Time of vield Conver- Density Pour Cloud

(°C) reaction (%) sion (g/cm?) FAME point point

(min) (%) (°C) (°C)
Al 30 78.87 24.14 0.878 74.73 2 11
A2 60 79.9 37.07 0.878 75.63 3 11
A3 40 90 83.5 50.00 0.876 77.35 3 12
A4 120 82.6 66.09 0.872 78.31 3 12
A5 150 83 74.14 0.870 78.93 5 12
B1 30 71.1 31.90 0.882 76.42 3 11
B2 60 77.5 45.11 0.882 76.88 5 11
B3 50 90 79.1 56.61 0.874 78.45 5 12
B4 120 76.6 67.82 0.880 80.43 5 12
B5 150 75.9 79.02 0.884 81.08 5 12
C1 30 72 40.23 0.872 84.51 3 11
C2 60 78.5 54.89 0.878 85.96 4 12
C3 55 90 85.2 74.14 0.882 78.45 4 13
c4 120 82.8 77.30 0.882 80.43 4 13
C5 150 83.7 83.91 0.884 81.08 5 13
D1 30 72.6 53.16 0.876 85.96 1 11
D2 60 76.1 72.70 0.878 86.70 2 12
D3 60 90 89 77.30 0.878 87.20 3 12
D4 120 87.5 80.75 0.882 90.70 3 13
D5 150 88.1 83.91 0.884 92.84 4 13
El 30 70.9 67.82 0.864 87.54 1 11
E2 60 74.00 75.86 0.868 89.36 2 11
E3 65 90 76.50 80.75 0.870 91.90 4 12
E4 120 75.20 83.91 0.876 93.03 4 12
E5 150 75.70 85.63 0.884 94.19 5 13
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Table 3. Results for biodiesel produced using a heterogeneous catalyst

Temp Time of Yield  Conversion  Density Pour Cloud

S/N (°C) " reaction (%) (%) (g/cm3) FAME point point
(min) (°C) (°C)
F1 30 67.6 69.25 0.9 85.07 2 11
F2 60 67.9 77.30 0.900 89.09 2 11
F3 60 90 69.2 87.07 0.902 91.16 2 11
F4 120 71.3 88.51 0.900 94.39 2 12
F5 150 75.1 77.30 0.882 97.87 3 12

From Table 2, the trend shows an appreciable rise in biodiesel yield from between 30 and
100 minutes getting to their maxima in about 90 minutes before they began to decline after
that. The drop in yield after 90 minutes could be adduced to possible soap formation and
backward reaction that may have been triggered after the residence time was exceeded [28],
It was observed that there was no well-defined trend of yield versus temperature. The highest
yields were obtained at 60° C this agrees with a similar study done by Mathiyazhagan et al. [2°]
while the lowest yields were obtained at 65°C (the boiling point of methanol). The low yield at
this temperature may be attributed to the continuous evaporation and condensation of meth-
anol in the reaction medium leading to (i) equilibrium shift to the left (ii) imbalance in the
methanol-oil molar ratio (iii) reduced contact time between the methanol and oil. It is this
cumulative effect that gave rise to the reduced yield in biodiesel. In comparison (Table 2), the
homogeneous catalysis produced the highest biodiesel yield (89.5%) in 90 minutes than the
heterogeneous catalysis (75% in 150 minutes) at the same temperature (60° C) as shown in
Table 3. The trend for biodiesel produced using heterogeneous catalyst agrees with the work
of Bourney et al. [30],

3.2. Effect of variation in temperature and time on the physico-chemical properties
of biodiesel produced using homogenous and heterogeneous catalysis

3.2.1. Density

Table 2 and 3 shows the densities obtained at 60° C in response to temperature and time
variations for both homogeneous and heterogeneous catalysis. The densities obtained from
the heterogeneous catalysis were generally higher and remained practically the same at an
average value of 0.90g/ml between 30 and 120 minutes but with a sharp fall to 0.882g/ml.
While for homogeneous catalysis the densities rose steadily from 0.876 to 0.882 g/ml within
the reaction time of 30 to 150 minutes. From Table 2 and 3, it was observed that temperature
variations had only a little or no effect on densities of biodiesel produced. However, the den-
sities of all of the biodiesel produced fell within EN 14214 standards (0.86-0.90) g/cm?.

3.2.2. Viscosity

From Figure 1, it was observed that as reaction temperature and time increased there was
the corresponding drop in the viscosity values of the biodiesel obtained. The results correspond
to the work reported by Demirbas [31. At 40° C, when compared with the kinematic viscosity
(54cSt) of the waste frying oil, there was a significant drop in kinematic viscosity of the bio-
diesel obtained from the homogeneous catalysis within the reaction time considered. This may
be attributed to the fact that the fatty acid bonds in the triglyceride structure have been broken
and reacted with the methoxide to produce three moles of biodiesel. It is the formation of the
biodiesel that leads to the viscosity drop as shown in Figure 1. Viscosity is a very important
parameter in the production of fuels because it determines the burning efficiency, lubricity,
and atomization of the fuel. From Figure 1, the viscosity (4.502) of biodiesel produced in 150
minutes and at 65° C gave the best. It falls within ASTM D6751 standards (1.9-6.0) cSt and
EN 14214 standards (3.5-5.0) cSt. From Figure 2, it was observed that biodiesel produced
with heterogeneous catalyst (CaO) at 60° C was less viscous (4.23cSt) than the viscosity
(4.55cSt) biodiesel produced using a homogenous catalyst (KOH) at the same temperature.
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Both viscosities, however, falls within ASTM D6751 standards (1.9-6.0) cSt and EN 14214
standards (3.5-5.0) cSt.

75
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Figure 1. Variation in temperature and time on Figure 2. Variation in time on the viscosity of bio-
the density of biodiesel produced using a diesel produced using homogenous catalyst and
homogenous catalyst heterogeneous catalyst at 60°C

3.2.3. The effect of reaction time and temperature on the acid value of biodiesel

Table 4 respectively describe the effect of reaction time and temperature on the acid values
of biodiesel. From Table 4, the effect of temperature was most vividly portrayed at different
times horizontally across the table. As the temperature increased from 40 to 65° C while hold-
ing each time constant, the acid values reduced. This may be due to the fact that the rate of
reaction generally increases as reaction temperature increases. This agreed with the work of
other researchers [29/ 311,

Table 4. The effect of temperature and time on the acid value of bio-diesel using homogenous and hetero-
geneous catalysts

Time . Heterogeneous

(i Homogeneous catalysis il
40°C 50°C 550C 60°C 65°C 60°C

Acid value, (mg KOH/g) Acid value
30 2.64 2.37 2.08 1.63 1.12 1.07
60 2.19 1.91 1.57 0.95 0.84 0.79
90 1.74 1.51 0.90 0.79 0.67 0.45
120 1.18 1.12 0.79 0.67 0.56 0.40
150 0.90 0.73 0.56 0.56 0.50 0.40

Increased reaction rate means conversion of more of the oil into biodiesel and ultimate
reduction in its acid number. The effect of reaction time (30 to 150 minutes) on the acid
number of biodiesel followed the same decreasing trend for all the trans-esterification reac-
tions at a constant temperature. All the acid numbers tended to lower values at higher reaction
time. It was observed from Table 4, that lower acid values and hence higher conversions were
obtained using heterogeneous catalysis than homogeneous catalysis at 60° C.

The acid values of biodiesel produced at 40°c and 50°c within the reaction time of 30 - 150
minutes did not meet the acceptable standard of ASTM D6751 (<0.8) while the acid values of
biodiesel produced at 60° C and 65° C within 90 to 120 minutes met the acceptable standard
of ASTM D6751. Also, the acid values of biodiesel produced from the heterogeneous catalysis
using calcium oxide at 60° C and between 60 - 150 minutes fell within an acceptable standard
of ASTM D6751.
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3.2.4. Effect of variation in temperature and time on conversion of biodiesel pro-
duced using a homogenous catalyst

The conversion was calculated by determining the amount of fatty acid that was converted
and comparing it to the amount of fatty acid initially present in the waste frying oil that was
used. The acid values of the biodiesel obtained were calculated using equation 1. From Table
4 it was observed that the acid value of biodiesel was inversely proportional to its percentage
conversion (see Tables 3 and 4). With increasing reaction time, all acid values (Table 4) of the
biodiesel assumed decreasing trends while the percentage conversion of the corresponding
biodiesel assumed increasing trends (Table 2 and 3). The lower the acid values of the biodiesel
produced the higher is its corresponding percentage conversion. This observation corresponds
to the work of of Pinto et al. 321, From Table 2 and 3, it was observed that conversion of oil
to biodiesel using the heterogeneous catalysis (CaO) was higher than that of the homogeneous
catalysis (KOH) at 60° C and within the reaction time of 30 - 120 minutes. This finding agrees
with the work of other researchers [331, From Table 5 the qualities of two of the best biodiesel
samples E5 and F5 are compared. They had 85.63 and 88.5% percentage conversions respec-
tively. On comparing E5 and F5 with biodiesel standards of ASTM D6751 and EN 14214, the
conformity level of the various parameters was high to pass for biodiesel. The relatively low
% conversion (85.63% for E5 and 88.5% for F5) only indicates that there is room for im-
provement and optimization of the biodiesel batch processes used for the trans-esterification
reactions. The attention and target would be at obtaining greater than 95% oils conversion to
their corresponding biodiesel, which should automatically translate to better and improved
biodiesel properties.

Table 5. Comparison of biodiesel samples with biodiesel standards

Petro-diesel Biodiesel Biodiesel Biodiesel Biodiesel
Properties ASTM Sample Sample

ASTM D0975 D6751 EN 14214 ES F5
Density at 30°C (g/cm?3) 0.876 0.875-0.90 0.86-0.90 0.884 0.9
Viscosity at 40°C (cSt) 1.9-4.1 1.9-6.0 3.5-5.0 4.59 4.57
Pour point °C -35to -15 -15to 16 - 5 3
Cloud point °C -15to 5 -3to 12 - 13 12
Acid value (mg KOH/qg) 0.35 <0.8 <0.5 0.5 0.4
FAME content (%) - - - 94.19 97.87
Conversion (%) - - - 85.63 88.51

3.2.5. Effect of variation in temperature and time on FAME content of biodiesel pro-
duced using a homogenous catalyst

From Table 2 and 3, it was observed that the FAME contents represented by the different
curves assumed increasing trend with increasing reaction time and temperature. The effect of
time and temperature were more pronounced at increasing time and temperature. The set of
values represent the two lowest temperatures of 40 and 50° C (after about 150 minutes of
reaction) gave 79 and 81% FAME contents respectively. The implication of this is that the
impurity level or unconverted WFO is still very high and may thus not be suited for use as
biodiesel. At the same reaction time of 150 minutes, the FAME contents obtained at 55, 60
and 65°C were 90.3, 93 and 94.2% respectively. Table 2 and 3 helps us to compare the FAME
contents of biodiesel obtained from heterogeneous and homogeneous catalysis at 60° C. From
the reaction time of 40 to 150 minutes, the percentage FAME contents of biodiesel samples
obtained at 60° C were all higher than the corresponding biodiesel samples obtained from the
homogeneous catalysis under the same set of temperature and time. At 60, 90, 120 and 150
minutes, the percentage FAME contents were 89, 91, 94 and 98% respectively for biodiesel
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samples obtained from heterogeneous catalysis while they were 86.6, 87.3, 91 and 93% re-
spectively for biodiesel samples obtained from homogenous catalysis.

4. Conclusion

The study of the production of biodiesel using homogeneous and heterogeneous catalysis

at varied temperature and time revealed that:

Temperature and time were two critical factors to obtaining good quality biodiesel.

Higher percentage conversions of WFO to biodiesel were obtained at higher temperatures
of 55, 60 and 65°C than at 40 and 50°C.

At 60° C, heterogeneous performed better than homogeneous catalysis in the conversion
of WFO to biodiesel. The percentage conversion and FAME content of biodiesel from the
heterogeneous catalysis were higher than that of heterogeneous catalysis.

Quality of biodiesel may be determined per time by monitoring the change in acid value as
the trans-esterification reaction progresses.

The acid value of biodiesel is inversely proportional to the % conversion of oils to biodiesel.
The lower the acid value of biodiesel sample the higher is its % conversion.

Well formulated mathematical models that relate acid value or number to oil conversion to
biodiesel can be deployed to monitoring and obtaining the progress of trans-esterification
reactions. At higher % conversion, conformity of the quality of the biodiesel products is assured.
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Abstract

The present article depended on designation of four branched unsaturated resins in two steps. The
first step includes the preparation of eight hydroxy branched groups based on pentaerythritol as
a core molecule and dimethylolpropionic acid as monomer. In the second step polycondensation
reactions of 1 mole prepared eights hydroxy terminated sample with four different molar ratios of
maleic & phthalic anhydride namely10:90, 30:70, 50:50&90:10 respectively assigned as H1, H2,
H3 and H4. The chemical structures of the prepared polymers are confirmed using FTIR and *HNMR
spectroscopic techniques. The particle sizes & molecular weights of the synthesized resins are
determined. Four high reactive functional groups cross linked networks water based coating films
are performed to improve their chemical and mechanical resistance.

Keywords: Hyperbranched polymers; water based organic coatings; unsaturated polyester; nanoparticle resins;
dimethylolpropionic acid.

1. Introduction

The creations and investigation of new polymeric architectures have a greet attention
among polymer scientists over the last eras [11. Dendritic polymers are attractive for industrial
needed because they have high functionality, high solubility and sole rheological manners.
Dendritic polymers divided into two different classes: the monodisperse dendrimers and the
polydisperse hyperbranched polymers [2], Dendrimers have regular star-like structure and
need various steps for preparation which certainly lead to a relative high cost price, and limit
their use in applications.

Hyperbranched polymers have irregular structures tree-like macromolecules ended with a
great numbers of reactive functional groups prepared in one and simple step method [1-10],
Properties of branched macromolecules do not only attract the academic research through
their simplicity and synthetic experiment [2]1, but they also get more and more attention in
industrialized research applications [11-151, Because of the sole behaviors, multifunctional ter-
minal groups, narrow polydispersity and low cost with easy synthesis, hyperbranched poly-
mers can to be used as coating resins [ 16/ 171,

On the other hand, the traditional unsaturated polyester resins (UP) prepared previously in
literatures suffer from various problems such as rigidity, low acid & alkali resistances and low
adhesion with steel when cured with vinyl monomers [18-241, To solve these badly-behaved
polymers, low cost hyperbranched resins with small particle size ended by various reactive
functional groups with high surface area containing different chain lengths are synthesized in
the present research. In this respect, the present paper aims to design four branched unsatu-
rated polyester resins using simple method with various chain lengths and different nanosizes
for coating stability based on pentaerythritol (PEL) as a core molecule and dimethylolpropionic
acid (DMPA) as monomers.
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2. Experimental
2.1. Materials and methods
2.1.1. Chemicals

Pentaerythritol (PEL), dimethylolpropionic acid (DMPA), Phthalic anhydride, adipic acid, lau-
ric acid and stearic acid, maleic anhydride, styrene, para-toluene sulphonic acid (p-TSA) was
added as catalyst, 10% HCI and 5% NaOH aqueous solutions, methyl ethyle keton peroxide
(MEKP) as initiators, cobalt octoate as accelerator. Dichloromethane (CH2Cl2) and distilled wa-
ter are used for purification. The Fluka chemical company supplied all chemical.

2.1.2 Synthesis of hyperbranched polyester

Equimolar ratio of pentaerythritol (PEL) as a core and dimethylolpropionic acid (DMPA) as
monomers is placed in a 250 round flask equipped with a mechanical stirrer, thermometer,
and condenser. 1wt% of p-toluenesulfonic acid (p-TSA) is added as catalyst. The temperature
is adjusted to be constant between 140 and 160°C in the end of the reaction, eight hydroxyls
terminated hyperbranched polyester is yielded and named (HB)-(OH)8 after evaporating the
small amount of water produced [25-281,

2.1.3. Synthesis of unsaturated hyperbranched polyester nanoparticles resin

The reaction system is evacuated using N2 gas for 30 min before the beginning of the
reaction. One mole of eight hydroxyl ended hyperbranched polyester (HB)-(OH)8 is reacted
with four different molar ratios of maleic & phthalic anhydride namely10:90, 30:70,
50:50&90:10 respectively assigned as H1, H2, H3 and H4 in presence of 1wt% p-TSA of total
weight reactants as catalyst at 160°C. The prepared resin was purified using CH2Clz, and dis-
tilled water. After the solvent was evaporated, the polyester nanoparticles were mixed with
large amounts of styrene vinyl monomer to yield 60% solution of the polyester. The schematic
presentation of the synthesis is shown in Figure 1.
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Figure 1. The schematic presentation of the synthesis of unsaturated hyperbranched nanoparticles
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2.1.4. Dynamic light scattering (DLS)

DSL is a technique in physics that can be used to determine the size distribution profile of
small particles in suspension or polymers in solution. In the present study, the samples were
dispersed in high dilution methanol and 2% diluted distilled water.

Gel permeation chromatography (GPC) was performed at 40°C using GPC-Water 2410, with
a refractive index detector using 4 columns styragel HR tetrahydrofuran (THF) 7.8 x 300 mm,
equipped with a water 515 HPLC pump. tetrahydrofuran and water were used as a mobile
phase with a flow rate of 1 mL/min. Aliquots (1 ml) of each sample were diluted with an
appropriate amount of THF or water and shaken vigorously. Afterwards, the samples were
passed through a filter and injected into the GPC for analysis.

2.2. Testing of the coatings

Steel panels of (10 x 15 cm) are used to evaluate the behaviors of coatings. The panels
are coated with tested polymers by using methylethyl ketone peroxide as initiators and co-
balt octoate as accelerator. Then the panels are tested to evaluate their mechanical proper-
ties (adhesion strength, pencil hardness test, impact resistance and T-bend test) and their
durability.

Chemical resistance of organic coatings was evaluated from water resistance, acid & Al-
kali resistance and Solvent & fuel resistance according to ASTM D870-69, ASTM D1647-89,
and ASTM D 870-92 respectively. The acid and alkali resistances of coated panels were de-
termined after immersion in 10% of HCI aqueous solutions using distilled water. The dura-
tion of the test was 90 days at 38 °C. The degree of adhesion and visual inspection of blister
and cracks were tested for the coated panels.

2.3. Surface morphology studies

The scanning electron microscopy (SEM) of model type JEOL 5410, JEOL, Japan are used
to detect the surface morphology of the coated and uncoated panel samples after immersion
in 10% of HCl and 5% of NaOH aqueous solutions for 90 days at 38 °C.

3. Results and discussion
3.1. Characterizations of the synthesized hyperbranched polyester

The FTIR spectrum of prepared hyperbranched polyester with 8 hydroxyl reactive ended
groups (HB)-(OH)8 which is represents in Figure 2(a) shows the following characteristic
peaks:- Absorption bands at 3500 cm assigned for OH stretching band, the appearance of
beak at 2900 cm assigned for stretching vibration of the aliphatic CH bond and the appear-
ance of beak at 1730 cm™ assigned for C=0 group indicate the completion of esterification
reactions. The appearance of beak at 1105 cm assigned for stretching vibration of the C-0,
1450 cm™ assigned for stretching CH2 and 1375 cm™! assigned for CHs peak.

Moreover Figure 3 shows 'HNMR chart Protons of (HB)-(OH)8 polymer. Hydroxyl terminated
protons appears at the peaks of (4.8-5.2 ppm), CHs protons at (1.00 -1.10 ppm), CH2-O-
C=0 protons at (4.00-4.22 ppm) and CH2-OH protons at (3.35-3.56 ppm), the peak at about
2.5 ppm is certified to the remaining hydrogen protons of the solvent (DMSQO). All the above
peaks approve the construction of hyperbranched polymer.

On the other hand the constituents of the four performed hyperbranched unsaturated pol-
yesters show the same FTIR charts. Figure 2(b) represents FTIR bands for H1 as representa-
tive sample, the spectrum shows absorption bands at 2982 cm-! (assigned for stretching vi-
bration of the aliphatic CH bond). The appearance of peak at 1620 cm-! (assigned for stretch-
ing vibration of the (C=C) indicate the presence of unsaturation, 1450 cm™ (assigned for
stretching CH.), 1375 assigned for CHs peak and the appearance of beak at 1730 cm™ as-
signed for C=0 group. The appearance of hydroxyl and protons confirm hyper branched pol-
yols terminated performance. Furthermore the synthesized unsaturated hyperbranched pol-
ymers have a more complex structure, and more types of repeating units so it may be difficult
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to elucidate the exacted chemical structure using 'HNMR spectroscopy technique accordingly
the signals overlapped with each other so no definite peaks appears [15] |

The size and distribution of the performed nano particle resins are estimated as shown in
Table 1. Figure 5 give an example for DLS chart for H4 resin. It is clear from the data of
particle size that, the particle size increase in order of H1>H2>H3>H4 this means that, the size
of prepared resins increase by increasing terminal aliphatic chains (maleic moiety) .This may
be attributed that, as the terminated ended chains increase the regular structure (ordering
structure) may be formed with large surface area and small particle size [5],

The molecular weights of the synthesized hyperbranched resins decrease by increasing
maleic anhydride moiety and all samples have polydispersity more than one as shown in Ta-
blel. This result may be attributed to the disordering of the arrangement of branched mole-
cules by decreasing ended chain length as mentioned in our previous work [5],
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Figure 2. FTIR spectrum of (a) HB- Figure 3. tHNMR spectrum of HB-(OH)8
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Figure 4. DLS Image of H4

Table 1. Molecular weights and diameter of the synthesized hyperbranched unsaturated nano particles
polyester resin

Sample Molecular weight Polydispersity Diameter (nm)
(g/mol)

H1 9 760 1.3 350

H2 9 850 1.3 350

H3 12 564 1.2 200

H4 1.2 150

3.2. Evaluation of synthesized unsaturated polyester resins for coating applications

Hyperbranched polyolesters can be prepared using simple and low cost method. They have
greatly branched strength and huge functional hydroxyl groups, which gives entree to a large
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number of reactive groups. Their construction makes them excellent in water based organic
coatings.

3.3. Chemical resistances

The effects of surrounding solutions are very important especially on durability. In this
respect, four panels coated with the prepared resins and immersed to alkali, acid, solvent
(acetone test) solutions to study the stability of coats at three months. The initial change of
the panels was affected by the environmental conditions. With contact to the surrounding
media, the appearance of all the panels changed to show color variations and roasting. The
observations at 3 months are summarized in Table 2. It is obvious from the results that the
four coated panels with the performed nanoparticle polymers stable and not affected by acid,
alkali, water or solvent for 90 days but in case of coated panel with H1 stable for 60 days only
and after that, the coated samples affected by acid and alkali solutions this may be attributed
to its hardiness which disappointed the stability of samples.

3.4. Surface morphology studies

Figure 5 shows the image of uncoated steel and four tested coated panel after immersion
in 10% of HCI for 90 days. It is clear from the images that, the uncoated panel surface is highly
corroded. Whereas smoother surface is seen for H2, H3 and H4 attributed huge functionality
on the surface area with high moiety of maleic anhydride as aliphatic polymers. These results
indicated that, the constituents of aliphatic chains molecules inhibit the cracking of the coated
protective film on the steel surface after long time of immersion in hard environmental condi-
tions [29-31]1 But in case of H1 sample after 90 days cracking on coated film surface is occurred
this is may be attributed to the rigidity of H1 sample due to the high content of phthalic acid
moeity.

Figure 5. SEM images of uncoated panel, coated panel with H1, H2, H3 and H4 sample after immersion
in immersion in 10% of HCI for 90days.

Table 2. Chemical resistance tests of the performed hyperbranched unsaturated polyester cured with
styrene

Sample Acid resistance Alkali resistance  Water resistance Solvent re-
(days) (days) sistance

H1 60 60 + +

H2 90 90 + +

H3 90 90 + +

H4 90 90 + +

+ pass; - fail
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3.5. Mechanical tests

The mechanical properties of the performed hyperbranched resins have been tested by
determining the impact, T-bend, adhesion and hardiness according to (ASTM D2794-04)
(ASTM D 522/1999) (ASTM D 4541/20002) (ASTM D 3363/2000) respectively. The synthe-
sized unsaturated hyperbranched polyester is transparent viscous liquid at room temperature
it turn into solid state (cured) when adding 2g methyl ehyl keton peroxide initiator (MEKP) &
0.2g cobalt octoate activator to 100g of each tested resin containing 60% of styrene for 8-
10 minutes for forming four cross linked networks coating films. In this respect, the tests for
measuring the mechanical characteristics were evaluated after post-curing at 105°C for 24 h
and standing for another 24 h at ambient temperature (25°C). The data of mechanical prop-
erties (adhesion, impact, and T-bending) for cured resins based are tabulated in Table 3. It is
clear from the table that, the adhesion, impact at measured at 5.5&7.5]J/mm and T-bond for
the four unsaturated nanoparticles resins are all positive. This means that the prepared hy-
perbranched particles forming stable networks film with panels and having a good mechanical
resistance. This may attributed to the nano size of the prepared polymers giving large surface
area with stable networks which endorsed each to acts as excellent organic coatings. It is also
obvious from the hardness results that the hardness decreases in the order of H4< H3 < H2
< H1. This may be owing to, increasing aliphatic and huge reactive functional ended segments
chain length donate the flexibility to the coatings compounds. So the mechanical brittleness
is effectively by stability and flexibility of hyperbranched crosslinked films forming coating.
The data reported on adhesion indicates that the tested branched resins have superior adhe-
sion network properties with steel. This can be attributed to the high functionality of resins
which have beneficial effects on adhesion. It is obvious from hardness results that, Hlsample
is the hardest polymer. This behavior is according to the high crosslinking density networks
formation. The reasons for hard& dense network formed for H1 attributed to high contents of
aromatic phthalic moiety.

Table 3 Coating tests of hyperbranched unsaturated polyester cured with styrene

Sample Adhesion Impact T-bond Hardness
(5.5 or 7.5 J/mm)

HU1 + + T m

HU2 + + + HB

HU3 + + + HB

HU4 + + + HB

+ pass; - fail
3.6. Abrasion resistance test

This method test the resistance of organic coatings to abrasion produced by the Taber
Abraser on coatings applied to a plane, rigid surface, such as a metal panel according to (ASTM
D 4060 - 95) using abrasion test instrument. Abrasion resistance is calculated as loss in weight
at identified number of abrasion cycles, as loss in weight per cycle, or as number of cycles
required to remove a unit amount of coating thickness. A result in Table 4 represents mass
loss of tested samples. It is clear from abrasion test that, the mass loss of the synthesized
resins is slightly decrease in the order of H1>H2>H3>H4, as for example the final mass loss of
H1 was 0.95 gm and H4 sample was 0.44gm. These results relate to the slightly decrease of
particle size and the stability of high functional reactive groups coated samples which give
high surface area to resist the conditions such as loads and scratching material. These results
also indicates that, H4 is most efficient due its highest flexibility according to high contents of
aliphatic moiety, functionality of the surface of coating and its small particle size with regular
hyperbranched structure which gives height surface area for coating resistance conditions.
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Table 4. Abrasion resistance of hyperbranched unsaturated polyester cured with styrene

Wight of coated Wight of coated Wight loss of Wight loss % of
panel before the panel after the coated panel after coated panel after
test (gm.) test (gm) the test (gm) the test
H1 80,23 79,29 0,95 1,20
H2 80,77 80,02 0,75 0,93
H3 81,79 81,12 0,66 0,81
H4 81,35 80,90 0,44 0,50

3.7 Mandrel bending test

Mandrel test performed according to ASTM D522 which contains two test methods used to
determine the flexibility and resistance to cracking of organic coatings on substrates of sheet
metal. Coatings attached to substrates are elongated when the substrates are bent during the
manufacture of articles or when the articles are abused in service. These test methods used
to examine the ability of coatings to attack cracking when stretched out. In this respect Figure
6 shows the four unsaturated nanoparticles coated panels when elongated with Mandrel bend-
ing tester. It is clear from this images that when aliphatic chains increase the panel become
totally flexible and no cracks appear in order of H4>H3>H2>H1. This may be attributed to high
contents of aliphatic moiety which decrease the hardness of coated samples.

HU4

Figure 6. Mandrel bend testing panel of HU1, HU2, HU3 and HU4 sample
4. Conclusions

Four samples of unsaturated hyperbranched polyester polyols resins are performed. The
particle size of the synthesized resins decreases by increasing the molecular weights and by
increasing maleic anhydride contents. The coated films showed excellent water, alkali, acid
and acetone resistance. The prepared high functional reactive water based organic coatings
have good adhesive and mechanical properties. H4 with high surface area and small particle
size is the most stable sample with good chemical, mechanical, abrasion resistance. Moreover
H4 is the best flexible sample and resistance to the cracking of organic coatings.
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Abstract

This research focuses on the geochemical correlation of phenanthrenes peculiar to commingled
crude oils for the purpose of deconvolution studies. Two crude oils collected from different parts
of Nigeria’s Niger Delta were mixed at different proportions of 4:1, 3:2, 2:3 and 1:4 respectively.
All the samples were deasphalted, fractionated and the aromatic component analyzed by gas
chromatography-mass spectrometry (GC-MS) for Co-C4 phenanthrenes. Abundance values of 45
peaks selected for correlation of the samples did not show relationship indicating the abundance
of the phenanthrenes did not mix linearly. The correlation coefficient of determination (R2) for
plots of the abundance of some phenanthrenes; Ph, 2Ph, 3Ph, 6Ph2, 8Ph2, 20Ph3, 27Ph3, 31Ph4
and 34Ph4, were low, from 0.022 to 0.285, and for composition were high, from 0.644 to 0.864.
The results indicate negligible to weak correlation for the abundance of phenanthrenes and strong
to very strong correlation for composition. Ratios of phenanthrene groups (P, P1, P2, P3, and P4)
were plotted against all the samples. Plots of P/P3, P1/P3 and P,/Ps as well as double ratio plots of
P/P2 vs P2/P3 and P/P vs P1/Ps had high R? values of 0.823 to 0.929 and 0.934 to 0.989 respectively
indicating a very strong correlation between the oil samples which could account for 82 to 98% of
the mixing pattern of the end member oils in their commingled oils. These results reveal that the
composition of these phenanthrenes will better explain the pattern of mixing of the studied Niger
Delta crude oils than their abundance.

Keywords: Phenanthrene; Commingling; Correlation; Crude Oil; Niger Delta, GC-MS.

1. Introduction

The compounds found in crude oils originate from the chemical and geological transfor-
mation of organic matter deposited during sedimentary processes [*1. Petroleum geochemistry
utilizes geochemical compounds in crude oils for assessing oil type, depositional environment,
maturation level, reservoir compartmentalization and continuity as well as a role in basin de-
velopment [2-5]1, Geochemical compounds typically reviewed in crude oils include polycyclic
aromatic hydrocarbons (PAHSs), light hydrocarbons (LHs), n-alkanes, isoprenoids, terpene, and
sterane biomarkers [6-11],

s 10 Phenanthrene is a PAH composed of 3 benzene

(CeHs) rings fused together (Fig. 1). Hydrocarbons

based on the structure of phenanthrene occur in

crude oil, and they include phenanthrene, methyl

5 phenanthrenes, trimethyl phenanthrenes, and

tetramethyl phenanthrenes, e.g. 9-methyl phenan-

threne, 3-ethyl phenanthrene, and 2,6-dimethyl
phenanthrene [12],

Figure 1. Structure of phenanthrene
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The phenanthrenes are relatively stable, highly degradation resistant and source-specific [13],
For light crude oils with similar compositions, characterization of phenanthrenes are essential
for source identification, correlation and or differentiation [14],

Crude oil is the mainstay of the Nigerian economy. The operations of the oil industry in
Nigeria are not isolated from global industrial practices, which include commingling of crude
oils. Commingling is a terminology used in the oil and gas sector to refer to the mixing of two
or more crude oils from different producing zones, wells or fields [15-16], The commingling of
crude oils is a common practice for sharing facilities and equipment to reduce cost. Adequate
assessment of individual field contribution is essential for establishing sales value or tax lia-
bility and in effectively managing reservoirs and production operations [171, According to the
2014 audit report of the Nigerian Extractive Industry Transparency Initiative (NEITI), $4.1bn
was lost because of non-existent and inadequate metering systems in the crude oil-producing
Niger Delta region [18],

In a bid to restore accuracy, equity, fairness and conformity with international best prac-
tices, this research focuses on the development of a flexible, tiered geochemical analytical
approach to facilitate the detailed compositional analysis of the phenanthrenes by gas
chromatography-mass spectrometry (GC-MS). The distribution of the phenanthrenes would
be correlated to identify those peculiar to the mixing of crude oils from the Niger Delta region
for the purpose of deconvolution.

2. Materials and method
2.1. Samples

Crude oil samples used for this study were collected from Rivers State (Sample A) and
Delta State (Sample F) both in the Niger Delta region of southern Nigeria. The samples were
collected from producing oil wells by field technicians with the permission of the department
of petroleum resources (DPR). The two crude oil samples (A and F) were mixed at different
proportions of 4:1, 3:2, 2:3 and 1:4 to give samples B, C, D, and E respectively.

2.2. Crude oil fractionation

50 mg of each crude oil sample was weighed into labeled centrifuge tubes and excess
pentane added to precipitate the asphaltenes. The samples were allowed to stand for four
hours and transferred into a fisher centrifuge set at 1,500 rpm for thirty minutes. The pentane
soluble fraction was decanted, concentrated and introduced into a glass chromatographic col-
umn (30 cm x 1 cm) stuffed with glass wool at the bottom and packed with activated silica
gel. Different compound classes were eluted with different solvents. Saturates were eluted
with n-hexane, aromatics eluted with dichloromethane and resins eluted with dichloro-
methane/methanol (1:1) mixture. All solvents were evaporated in a water bath and then to
dryness with nitrogen.

2.3. Gas chromatography-mass spectrometry (GC-MS) analysis

Detailed analysis of the phenanthrenes was facilitated by Agilent 7820A gas chromatog-
raphy (GC) system fitted to a fused silica capillary column (30m x 0.25um) and equipped with
an Agilent 5975 series mass selective detector (MSD). One microlitre (1uL) of the aromatic
component of each fractionated oil sample was injected into the capillary column of the GC-
MS system with the aid of automatic liquid sampler (ALS) using a split ratio mode of 100:1.
The GC-MS fragmentation ion was set for phenanthrene (Co) at m/z 178, methyl phenan-
threnes (Ci:) at m/z 192, ethyl-/dimethylphenanthrenes (C2) at m/z 206, trimethyl
phenanthrenes (C3) at m/z 220 and tetramethyl phenanthrenes (C4) at m/z 234. Peak identi-
fication was by comparison with related literature. Quantification was acquired by area inte-
gration of each peak which was processed by Chemstation OPEN LAB CDS software.
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3. Results and discussions
3.1. Distribution of phenanthrenes

GC-MS analysis of the aromatic component of the studied oil samples identified phenan-
threnes at ions (m/z) 178, 192, 206, 220 and 234, which were well resolved (Fig. 2). A total
of 45 phenanthrene peaks were selected for geochemical correlation of the two end-member
crude oils, from Niger Delta (samples A and F) and their commingled oils (samples B, C, D,
and E). One peak was selected for parent phenanthrene (Co) at m/z 178, 4 peaks for methyl
phenanthrenes (C:) at m/z 192, 11 peaks for ethyl- and dimethyl phenanthrenes (Cz) at m/z
206, 12 peaks for trimethyl phenanthrenes (Cs) at m/z 220 and 17 peaks for tetramethyl
phenanthrenes (Cs4) at m/z 234.
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Figure 2. Representative GC-MS fragmentogram of Co-Cs phenanthrenes at ions (m/z) 178, 192, 206,
220 and 234 showing the selected peak distributions in crude oil (sample B)
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Area integration of each selected peak calculated by the GC-MS system gives the abun-
dance of that peak. The abundances of the 45 selected phenanthrene peaks (Co-Ca) for the
end-member and commingled crude oils used for the study are presented in table 1.

Geochemical correlation of crude oils is based on similarities and/or dissimilarities of fea-
tures which are usually established on the relative distribution patterns of certain compounds [16],
From Table 1, the abundance values of the phenanthrenes in the end-member oils (samples
A and F) and their commingled oils (samples B, C, D, and E) did not show the relationship.
This indicates that the abundance of the phenanthrenes did not mix linearly.

3.2. Correlation of phenanthrenes

In a bid to identify particular phenanthrenes which will attempt to explain the pattern of
mixing and give the highest chance of allocation, the abundance, and composition of the forty-
five selected peaks were plotted against all the studied oil samples. A relationship was ob-
served between the two end-member and their commingled crude oils for some Co-C2 phe-
nanthrenes (Fig. 3) and Cs3-Cs phenanthrenes (Fig. 4).
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Figure 3. Plot of some Co-C; phenanthrenes (Ph, 2Ph, 3Ph, 6Ph2 and 8Ph2) against all the studied oil
samples showing the level of correlation a. abundance b. composition

From Fig 3, the correlation coefficient (R?) of Ph, 2Ph, 3Ph, 6Ph2 and 8Ph2 (Co-C2 phenan-
threnes) for abundance range from 0.152 to 0.285 and for composition from 0.644 to 0.773.
The R? values of 20Ph3, 27Ph3, 31Ph4 and 34Ph4 (Cs3-Cs phenanthrenes) for abundance range
from 0.022 to 0.168 and for composition from 0.760 to 0.864. The correlation coefficient (R?)
is a statistical tool used to indicate the strength of a linear relationship between variables. The
closer the R? value is to one (1) the closer the relationship between the variable and conse-
quently deducing the trend. R? values for abundance were low indicating the poor linear rela-
tionship of the variable (phenanthrenes) between the end-member and commingled oils (sam-
ples A to F). For composition, the R? values were higher than that of abundance and indicated
considerably linearity of the variable between the end-member oils and commingled oils. The
R? values from Figs. 3 and 4 reveal that the composition of some phenanthrenes will better
explain the pattern of mixing of the studied Niger Delta crude oils than their abundance. Fur-
thermore, from the forty-five phenanthrene peaks selected, peaks Ph, 2Ph, 3Ph, 6Ph2, 8Ph2,
20Ph3, 27Ph3, 31Ph4 and 34Ph4 showed better correlation and a good chance of being used
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to evaluate contributions from the respective end-member oils to their commingled oil because
their R? values were high (> 0.6)
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Figure 4. Plot of some C3-C4 Phenanthrenes (20Ph3, 27Ph3, 31Ph4, and 34Ph4) against all the studied
oil samples showing the level of correlation a. abundance b. composition

3.3. Ratios of the phenanthrenes

The abundance of individual phenanthrenes showed poor correlation and did not mix line-
arly (Table 1, Figs. 3 and 4). The relative composition of the phenanthrene types in the studied
oil samples was used to evaluate the end-member and commingled crude oil samples. The
abundance of phenanthrene types (:Co = P, 3C1 = P1, :C2 = P2, :C3 = P3 and :Cs = P4) are
shown in table 1 and ratios calculated from it are presented in Table 2.

Table 2. Calculated ratios of phenanthrene types all the studied crude oil samples

P/PL P/P2 P/P3 P/P4 P1/P2 P1/P3 P1/P4 P2/P3 P2/P4 P3/P4

Sample A 0.42 0.21 0.31 0.84 0.50 0.74 2.03 1.49 4.06 2.73
Sample B 0.50 0.43 0.81 2.52 0.87 1.63 5.07 1.88 5.84 3.10
Sample C 0.50 0.50 0.94 2.59 1.00 1.89 5.20 1.89 5.21 2.75
Sample D 0.47 0.44 0.91 3.15 0.95 1.95 6.73 2.06 7.11 3.45
Sample E 0.51 0.51 1.13  4.30 1.00 2.23 8.43 2.24 8.47 3.79
Sample F 0.52 0.52 1.21 3.18 0.99 2.30 6.07 2.32 6.13 2.64

Ten ratios were calculated and plotted against the end-member and commingled oil sam-
ples. The plots of P/P3, P1/P3, and P>/P3 ratios had the highest R? values of 0.830, 0.823 and
0.929 respectively (figs. V, VI and VII).

R? value shows the relationship between variables and explains the percentage variation
(y-axis) of the independent variables (x-axis). Values of R? range from 0 to 1. A value of 1
indicates a perfect relationship which explains all the variability of the data, while a value of
0 indicates no relationship and explains no variation. The R? values from the plots indicate a
very strong relationship of P/P3, P1/P3, and P2/Ps ratios within the end member and commingled
oil samples and that these ratios can account for 83%, 82% and 93% of the mixing pattern
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of the end member oils in their commingled oils respectively. This reveals a high significance
of P/P3, P1/P3, and P2/Ps ratios as correlational tools for allocation of commingled crude oils.
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Figure 5. Plot of P/P3 phenanthrenes for the two
end-member Niger Delta crude oils (samples A
and F) and their commingled oils (B, C, D, and E)
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Figure 6. Plot of P1/P3 phenanthrenes for the two
end-member Niger Delta crude oils (samples A and
F) and their commingled oils (B, C, D, and E)
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Figure 8. Plot of P/P3 vs. P2/P3 phenanthrenes for the

two end-member Niger Delta crude oils (samples A

and F) and their commingled oils (B, C, D, and E)

Double ratio plots of P/P2 vs. P»/P3 and P/P2 vs. Pi/P3 are shown in Figs. 8 and 9. The R?
values of these double ratio plots are 0.934 and 0.989 respectively. This R? values indicate a
very strong relationship of the double ratios with the oil samples and can account for 93% and
98% of the mixing pattern of the end member oils in their commingled oils respectively.
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Figure 9. Plot of P/P3 vs. P1/P3 phenanthrenes
for the two end-member Niger Delta crude oils
(samples A and F) and their commingled oils (B,
C, D, and E)

From the R? values of Figs. 8 and 9, the
double ratio plots of P/P> vs. P2/P3 and P/P2
vs. Pi/P3 exhibited a high significance in the
correlation of the phenanthrenes for alloca-
tion of the composition of the end member
Niger Delta crude oils in their commingled
oils. The extrapolation of these ratio values
for a hypothetical mixture of two end
member Niger Delta crude oils from the y-
axis and down to the x-axis can estimate (93
to 98%) the contributions of the different
end member oils to their commingled
stream.
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4. Conclusion

GC-MS was used to analyze for Co-C4 phenanthrenes in two Niger Delta crude oils (samples
A and F) and their commingled oils (samples B, C, D, and E). Forty-five (45) phenanthrene
peaks were selected for geochemical correlation of the oil samples. Abundance plots of some
Co-C4 phenanthrenes; Ph, 2Ph, 3Ph, 6Ph2, 8Ph2, 20Ph3, 27Ph3, 31Ph4 and 34Ph4, gave low
R? values which indicate negligible to the weak correlation of these phenanthrenes with the oil
samples, while composition plots gave high R? values which indicate strong to a very strong
correlation. R? values from plots of P/P3, P1/P3 and P2/Ps ratios, as well as double ratio plots of
P/P2 vs P2/P3 and P/P2 vs P1/P3, indicate a very strong correlation between the end member
and commingled oils which could account for 82 to 98% of the mixing pattern. The results
show the significance of phenanthrenes in Niger Delta crude oils for geochemical correlation
and allocation of the composition of end member crude oils in their commingled oils. This
method will be of advantage over the metering system as it measures the relative contribu-
tions of the end member crude oils production stream (instead of water + oil) and effective
reservoir management in the Nigerian oil industry which has suffered from absence/inaccurate
metering systems.
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Abstract

This study presents an analysis of High-Resolution Airborne Magnetic Data (HRAMD) over Ilesha
and its environs situated on geographic latitude 7°30'N to 8°00'N and geographic longitude 4°30'E
to 5°00'E. The work presents the structural and quantitative interpretation of airborne magnetic
data (Sheet No.243), which was acquired from the archive of Nigerian Geological Survey Agency
(NGSA). The study is aimed at determination of Curie Isotherm region in Ilesha south-west Nigeria
using filtering of source spreading of magnetic sources and spectral analysis (matched filtering)
of aeromagnetic data. The magnetic data were subjected to Fast Fourier Transform which trans-
forms HRAMD from its space domain to wave number domain. The HRAMD were divided into 25
equal overlap blocks. The finding outcome reveals that the depth to the bottom of magnetic anom-
aly sources (DBMS) varies between 16.48 km and 41.47 km. Subsequently, the variation of geo-
thermal gradient ranged between 13.98-C/km and 35.20°C/km, while estimated values of the re-
sulting heat flow in the study area vary between 34.96 W/m and 87.99 W/m. However, this study
is crucial for structural thoughtful of the geo-processes and rheological parameters in delineating
geothermal regime within the under study because the thermal structure of the earth’s crust is
one of the leading parameters scheming geodynamic methods.

Keywords: Aeromagnetic; Airborne, Geothermal; Magnetics; Regional and Spectral.

1. Introduction

High-Resolution Airborne Magnetic (HRAM) survey is the collection of magnetic data over a
large expanse of the area by small aircraft and interpreting the data using several interpreta-
tional techniques [*1, HRAM surveys have a resolution in the nanotesla scale such that in
addition to adequately mapping magnetic rocks which can be adopted to map intra-sedimen-
tary faults segment with elevated magnetic minerals deposit concentration that generates small
variation in the anomalies [2-3], The magnetometer measured logged tiny variations in the
intensity of the ambient magnetic field due to the effect of temporal constantly varying solar
and spatial variations in the earth’s magnetic field as the aircraft flies. This is due to both the
regional magnetic field, and the local effect of magnetic minerals in the earth crust. The cor-
rection done by subtracting the solar and regional effects, the resulting airborne magnetic
map shows the spatial circulation and comparative great quantity of magnetic minerals in the
upper levels of the crust. Airborne magnetic surveys offer a nippy means of geological map-
ping. The magnetic data give information about geological patterns at depth about the meta-
morphic basement on which younger sedimentary rock lies, and channel light on the presence
of major structures which could have influenced its development. Surveys of the spatial
changes in the strength of the magnetic field over the surface of the earth have been used as
a method for geophysical exploration for many decades [4l. The magnetic method has come into
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use for identifying and locating masses of igneous rocks that have a relatively high concen-
tration of magnetic minerals (magnetite). Magnetite is the most common ferromagnetic min-
eral, and in most cases, the magnetic permeability is determined by the amounts of magnetite
and related minerals available in the rock.

Subsequently, adequate information of the earth’s interior thermal configuration is signifi-
cant in geodynamic and geothermal inquiries [5-6], Direct crustal temperature measurements
are not substantial for regional studies; hence the depth to Curie-temperature avails for esti-
mating the temperature at depth [6-8] which match up to the temperature at which magnetic
minerals lose their ferromagnetic properties, and for regional-scale studies which it occurs can
be inferred as the Curie Isotherm depth. Several researchers [6 2-271 have presented the Depth
to the Bottom of Magnetic Sources (DBMS), which could also considered as the Curie-point
depth (CPD) and can be probable estimated from the analysis of regional magnetic data where
various rocks loose its ferromagnetic natures (properties) due to an increase in temperature
variation in the crust which will aid the heat flow [81°],

The DBMS is an imperative factor in understanding the temperature distribution in the crust
and the rheology of the Earth’s lithosphere [25]1. The main objective of heat flow measurements
is to estimate the amount of heat energy being lost by natural process. The loss of high heat
anomalies usually coincides with the trend of the structural geological features or extents with
high thermal manifestations regime [31,

An assessment of DBMS in gridded blocks in the area would meaningfully compliment the
available geophysical information and also add value to the thoughtful of the geothermal re-
gime, crustal depiction, and geodynamic evaluation processes in Ilesha and its environs. The
main objective of heat flow measurements is to estimate the amount of heat energy being
lost by natural process. High heat loss anomalies usually coincide with the geological structural
trend or areas with high thermal manifestations [31,

The present study is an attempt towards analyzing High-Resolution Airborne of Ilesha to
estimates Depths to the Bottom of Magnetic Sources (DBMS) and ensuing geothermal param-
eters in order to inferred geothermal regime within different blocks.

2. Description and geology of the study area

Ilesha and its environ is situated in Osun State, Southwestern Nigeria. Ilesha is bounded in
North by Kwara, in the south by Ondo, in the east by Ekiti and west by partly Oyo state. The
area is located within geographic latitude 7°30'N to 8°00'N and geographic longitude 4°30'E to
5°00'E covering an area of about 3025 km?. Ilesha lies within the tropical climate marked by
wet and dry seasons with an average elevation of 391m above sea level. The average daily
temperature varies between about 20°C for a very cold day to about 35°C for a very hot day [28],

Ilesha is situated within the Nigeria Basement Complex of south-western Nigeria. The Ilesha
and its surroundings lie in the Basement Complex of the Southwest Nigerian [291, The formation
is a pre-drift sequence of continental sands, grits, and silts (Figure 1). In 1953 and 1957, [30-31]
proposed that the Nigerian Basement Complex rock is Polycyclic. In 1970 Hurley confirmed
the rock ages using radiometric approach. The main rock associate Ilesha and its environ
made up of a fragment of the Proterozoic schist straps in Nigeria. The geological formation of Ilesha
and its environs comprise of Precambrian rocks that are typical for the basement complex of
Nigeria [321, Regarding the structural geological features, lithology, and mineralization, the
schist belts of Nigeria display considerable resemblances to the Achaean Green Stone Belts [32-33],

3. Methodology
3.1. Data acquisition

In August 2009, a nationwide regional High-Resolution Airborne Magnetic (HRAM) data
were acquired in Nigeria by Fugro Airborne Survey Limited United State of America for the
Geological Survey Agency of Nigeria. This acquisition, processing, and compilation of the new
data sets were jointly sponsored by the Federal Government of Nigeria and the World Bank as
part of the Sustainable Management for Mineral Resources Project (SMMRP). The airborne
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magnetic surveys, using 3x Scintrex CS3 cesium vapour magnetometers (resolution of 0.1 nT)
with a data recording interval of 0.1 seconds, were done by means of Fixed-wing aircrafts
flown at mean terrain clearance of 80m with 500 m line spacing and nominal tie-line spacing
of 5000 m along series of NE-SW. The flight line and tie-line trends were 135 and 45 degrees
respectively.

The average magnetic inclination, magnetic declination, and magnetic field strength across
the survey were 14.02°, 3.83%and 32,446.006 nT respectively. Map of the study area under con-
sideration is published on a scale of 1:10000 (that is 1 cm = 1 km on the ground). The topo-
graphical detail of the map was based on 1: 100000 topographical series of Federal Surveys
of Nigeria.
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Figure 1. Geological Map of Ilesha and its Environs (Adapted from NGSA 2009)
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3.2. Estimation of depth to the bottom of magnetic sources (DBMS)

Power Spectrum analysis of potential field data has been in used over the years to estimate
the depth of definite geological features, such as magnetic basement [9:1534-371 Two-dimen-
sional (2-D) spectral analyses of the potential field data have been used extremely over the
past Four (4) decades to estimate the depth of target sources of anomaly [2331, Spectral depth
analysis is based on the principle that a magnetic field measured at the surface can be con-
sidered as the integral of magnetic signatures from all depths [381, The power spectrum of the
apparent field can also be used to evaluate the average depth of anomalies source ensembles.

Several robust approaches have been employed in the estimation of DBMS [8-9/11,16,18,21,25]
The modified centroid method recently developed by [81 was adopted in this presented study.
The adoption of conservative centroid method to evaluate DBMS is built on the spectral anal-
ysis of the target anomalies of the magnetic field [141°]1, Application of spectral analysis tech-
nique to infer magnetic anomalies have been expansively described by [9-11:37], They validated
that contributions from the source parameters; depth, width and thickness of a magnetic
source ensemble could disturb the shape of the power spectrum. The principal term, which
pedals the spectral shape, is known as the depth factor. The power spectral density (P(k)) and
DTMS (Zt) are related by the expression proposed by [9:19],

The Discrete Fourier Transform is the mathematical tool for spectral analysis and applied
to regularly spaced data such as the aeromagnetic data is given by Equation 1.

gx) =h0+z (hncos%+insin#) (1)
n=1
In 1995, Blakely [ introduced the power density spectra of the total field anomaly ®,.
Par(Kye Ky) = On(Ky, Ky))F (K, Ky) (2)
F(Ky, Ky) = 4m2Ch|07|?|0g |2 K% (1 — 7Mo%y (3)

where @ is the spectra power density of the magnetization, Cm is a proportionality constant,
and O and 0 are factors of the direction of the magnetization and geomagnetic field direc-
tion, respectively.

Equation 3 can be simplified noting all terms, except |0;|%| and |0¢|?,which are radially sym-
metric. Moreover, the radial averages ©; and 0. are constant. If M(x, y) is downright random
and uncorrelated, d)M(Kx,Ky) is a fixed constant. Hence, the radial average of @, is given by
equation 4,
dr(k]) = Ae72MI% (1 — e~ lHZo=70)2 (4)
where A is constant.

In the case where wavelength less than about twice the thickness of the layer, Eq. (4) becomes:

1
In @, (kD)2 | = InB = K|z, (5)
where B is a constant.

The top bound of a target magnetic source could be evaluated from the slope of the power
spectrum of the total field anomaly graph plotted against the wavenumber. Thus, Equation 5
can be written as:

Dpp([k|)/? = CeIKIZo (e KIZe-Z0) _ o= IKI(Zp=Z0)) (6)
where C is a constant. At long wavelengths, Eq. (6) is:
Dpr([k)Y/2 = CeIkIZo (emIkI-D) _ g-IkI(@)

~ Ce 1202k |d, (7)
where 2d is the wideness of the magnetic anomaly source. From Eq. (7)
In{[®5r(IkDY?]/1k[} = InD — |k|Z, (8)

where D is a constant, the top bound as well as the centroid of the magnetic source could be
evaluated by fit a straight line through the high wavenumber and low wavenumber portions

of the averaged radially spectrum of In [CDAT(|k|)%] and In{[®,r(|k])*/?]/|k|} from Equation 5 and
8 respectively.
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A plot of the power spectrum versus wavenumber usually shows straight-line segment
which related to decreasing in gradient with increasing wavenumber, and the gradient of the
sections provide give estimates of the depths to the magnetic sources causing the magnetic
anomaly is calculated using equation 9

_ In®ar(kir1)—In @ar(k;)

Zt - 2(ki+1—ki) (9)

Relationships from the outspread wavenumber curves, where @, is the magnitude of pthe
ower spectrum of the filtered magnetic data (RTP), k is the angular frequency and Z is the
depth of the anomaly target sources.

Then, Curie point depth (Z») of the target magnetic sources in the area under consideration
evaluated using equation 10 proposed by [1114] and the graphs of the Logarithms of the Power
spectral density for blocks using potential field package [3°1 as presented in Table 1.
Zy,=2Zy—Z; (10)

Table 1. Estimate of Curie point depth and succeeding geothermal parameters

Block D1(Residual) D2 (Regional) Zb(m) g(Heat Flow) dT/dZ
1 1.164863 1.329567 1.329567 1090.58 436.2322
2 1.166454 1.300923 1.300923 1114.593 445.8373
3 1.000955 1.902451 1.902451 762.1748 304.8699
4 0.905474 1.421069 1.421069 1020.358 408.1433
5 1.000955 1.7831 1.7831 813.1905 325.2762
6 1.028008 1.591343 1.591343 911.18 364.472
7 0.936505 1.591343 1.591343 911.18 364.472
8 0.926 1.421069 1.421069 1020.358 408.1433
9 0.926957 1.421069 1.265913 1145.418 458.1672
10 1.089274 1.459262 1.459262 993.6532 397.4613
11 1.097231 1.578612 1.578612 918.5282 367.4113
12 0.506525 2.248568 2.248568 644.8549 257.942
13 0.826703 1.46324 1.46324 990.9516 396.3806
14 0.932527 1.989179 1.989179 728.944 291.5776
15 1.144971 1.674093 1.674093 866.1407 346.4563
16 1.10837 1.344685 1.344685 1078.32 431.3278
17 0.821133 1.275461 1.275461 1136.843 454.7374
18 0.795672 1.530076 1.530076 947.6651 379.066
19 0.971515 1.736155 1.736155 835.1787 334.0715
20 0.760582 1.764799 1.764799 821.6231 328.6492
21 0.663033 1.193507 1.193507 1214.907 485.9627
22 0.82909 1.637492 1.637492 885.5005 354.2002
23 0.783259 1.856302 1.856302 781.123 312.4492
24 0.962763 2.188097 2.188097 662.6764 265.0705
25 1.363781 1063.221 1.363781 425.2882 142.8101

3.3. Calculation of the geothermal gradient and heat flow

In order to obtain geothermal gradient and heat flows, simple relation for conductive heat
transport (Fourier’s law) [6:19-421 was adopted. In the case of 1-dimensional using the assump-
tions that the variation in temperature direction is vertical and the gradient temperature is
constant, the law takes the form as presented in Equation 11

- g
q=-K— (11)
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where k and q is the coefficient of thermal conductivity and heat flux magnitude respectively
According to Tanaka et al. [*9], the Curie temperature (Tc) can be obtained from the Curie

point depth Z», and the thermal gradient is given as Equation 12,
dar

Te==2y (12)
Substituting Equation 12 into Equation 11, it gives equation 13,
Z, = —K% (13)

In 1999, Tanaka et al. [19] revealed that the thermal isotherm is inversely proportional to
heat flow, where q is the heat flow at any certain depth. Equation 11 indicates regions of high
heat flow are associated with shallower isotherms; however regions of lower heat flow are
associated with deeper isotherms [61. Mean shallow heat flow value will compute using Equa-
tion 11 and will be based on possible Curie point temperature of 580°C using a thermal con-
ductivity of 2.978 Wm~1°C-1, given by [43]1 and adopted as the [1940-41] gyerage for igneous rocks.

The results of the plot of the logarithm of the Power spectrum against wavenumber. Eval-
uating the slopes of the graphs, the average depths to the magnetic basement for each of the
25 blocks were calculated using Equation 9, and the results are presented in Table 1.

4. Result and discussion

The quantitative interpretation was adopted for the interpretation of airborne magnetic in
Ilesha, and its environ with the aim of estimating Depths to the Bottom of Magnetic Sources
(DBMS) and ensuing geothermal parameters in order to inferred geothermal regime within
the different block. Generally, the variations in the earth’s magnetic field intensity magnitude
are presented in Figure 2.
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Figure 2. Total magnetic intensity map of the study area

The magnetic intensity value of the field ranged from -77.7 to 139.7 nT. Total magnetic field
intensities map indicates high magnitude magnetic intensity values in the north, east, parts
of the west and the central mapped area. Regions of magnetic lows (low amplitude magnetic
anomaly) and highs (high amplitude anomaly) are apparent on the magnetic map. The defined
magnetic highs and lows as visible on the map are in real sense relative. The north-eastern
part of the study area is characterized by high intensity which related to lithological variation
in the basement. The sharp contrast is enhanced due to sharp magnetic intensity contrast
between the crystalline and the sedimentary rocks magnetic susceptibilities. Spectral energy
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peaks which were clearly noticeable in graphs of the logarithms of the spectral energies
against wavenumbers were plotted for each block, and the connotation of this is the indication
of the fact that Curie temperature isotherm depths are demonstrable as it defines the target
source bottoms., from which Curie point depths (Isotherm depth) were evaluated, and the
depth to the Centroid (Z,) ranges from 9.77 km to 22.51 km.

On the other hand, the values of depth to the top (Z,) of magnetic sources ranged from
2.51km to 4.72km as presented in Table 1. The corresponding curie depth ranges from 16.47
km to 41.47 km, these values were in agreement with earlier work by [4'l, The calculated
values of Curie point depth (CPD) obtained reveal the mean local curie depth point values
below each block. The estimated Curie point depths values for the blocks were used to create
Curie isotherm in the Ilesha (Figure 3). The CPD reveals the innumerable depths to curie
points which define the thermal nature of the Earth crust. Previous studies by [41:44-48] pre-
sented that the geological context of an area is linked to the Curie point depth.
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Figure 3. Curie point Depth (Curie Isotherm) map of the Ilesha and its environs

Using a standard value of Curie temperature of Igneous rock (magnetite, 580°C) and the
estimated depth to bottom (Curie point depths), variation in a geothermal gradient within
Ilesha and its environs were evaluated from where the geothermal gradient map was gener-
ated as shown in Figure 4. This is linked to the heat flow map (Figure 5), meaning that most
areas of high heat flow relate to high geothermal gradient as shown in Figure 4

< E 2 o T
7.9 | £ TS e e e e e Ca e oC/Km

— = =
E = aso
aso0
A= 785 30 " a70
S 220 E aso
- 70, aAas50
= %00 390 S 2=0o
[ i 70 380 2% 430
i azo
<3} 3(,0 340 JFs50 55 270
S Seae ==
B 7.7s N -.;',“ 380
[— = 5 2! 370
= = 360
= WS 2. 350
== 2S il =22 370 340
= 7.7 _;" = 330
= 3 _5050 S 400 a=8
=) 350 25 410 329
300
t 7.65 J60 B =S
B~ 370 - =280
=70
3 328 < . 228

200 = Q
e 410 \;)/;'42\;_9"9"/00 »

7.55
4.55 4.6 4.65 4.7 4.75 4.8 4.85 4.9 4.95

LONGITUDE IN DEGREFE (EAST)

Figure 4. Geothermal gradient map of Ilesha and its environs
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Figure 5. Heat flow map of Ilesha and its environs

Analysis of the potential field data in conjunction with heat flow values using Power spectral
has shown a virtually inverse linear correlation between heat flow and Curie depths. The re-
lationship was used to construct the Curie isotherm regime from the current data. It was
noticed from the heat flow map of Ilesha were found to be less than 60 mWm-~. This suggests
that the heat flows in Ilesha are not uniform, which conceivably designate that the magma
tubes were indiscriminately distributed.

The mean heat flow values using Curie point depth were derived from Equation (11) with
the average thermal conductivity k.

The mean heat flow obtained for Ilesha and its environs is 46.008 Wm™! which may possibly
be painstaking as distinguishing of continental crust. Most of the recent literature state that
the heat flow and Curie point depth is greatly reliant on upon geological situation. In geother-
mal exploration heat flow is the primary observable parameter in geothermal exploration.
Generally, the units that comprise of high heat flow values correspond to metamorphic regions
since the rock unit has high heat conductivity [#8], Therefore the finding makes the study area
to have geothermal regime potentials.

5. Conclusion

High resolution airborne geophysical approach was used to delineate the subsurface struc-
ture of the studied area (Ilesha and its environs) in order to determine geothermal regime
using power spectral analysis of magnetic data. The result of the finding using power spectrum
display clearly the variant along the blocks in the magnetic basement across the study area.
The source depth of the deeper (regional) sources ranges from1.19 km- 2.25 km and is as-
sumed to relate to the apparent of the magnetic basement in the Ilesha and its environs. The
shallower depth of anomaly, ranging from 0.45km to 1.165km might denote main magnetic
components, to improved basement apparent magnetic structures. The CPD for Ilesha and its
environment estimated using HRAD via filtering technique (Power Spectrum). The end result
divulges that the CPD be at variance contrariwise with heat flow. The inference drawn from
the output results show that CPD acquired in all blocks ranges from 16.479 km to 41.47 km
which stemmed from the emergence of the asthenosphere. The obtained results compared
favorably in agreement with earlier work done (Nur et al. [4°1). The mean heat flow value
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acquired is 46.008 Wm™! which can be utilized for exploration of substitute source of geother-
mal energy. The analysis of HRAD investigate the extent to Curie Point Isotherm (CPI) and
heat flow anomaly over Ilesha and its environs, added greatly to the improved understanding
of geothermal anomaly regime in this study which indications a prospect for geothermal pos-
sibilities to reconnoiter for new and more energy locations in Nigeria.
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Abstract

The main objects of this research are developing an artificial neural network (ANN) model in R
environment for simulating an industrial scale modified Claus unit, and optimizing temperatures
of Claus catalytic reactors to achieve the minimum sulfur emission. The input layer of the ANN
model consists of acid gas flow rate, reactors inlet temperatures, and H,S and SO, contents of
acid gas, while the output neuron is the sulfur content of the tail gas (TG). The results confirmed
that the AAD% (average absolute deviation) of the ANN model for training and validating data are
1.164% and 3.429%, respectively. After validating the model, optimal temperatures of input
streams to the catalytic bed are calculated considering the sulfurous compounds of the TG as the
objective function. Simulation results prove that the sulfur content of the TG decreases from the
average value of 0.6 mol% to about 0.3 mol% that considerably reduces the sulfur emission of
the target Claus process.

Keywords: Claus process; artificial neural network; optimization; sulfur emission; R software.

1. Introduction

H2S (hydrogen sulfide) is a byproduct of processing natural gas and refining high sulfur
crude oils [1, This species is a toxic gas, and consequently, its present in any exhaust gas is
under stiff environmental regulations. To meet these requirements, H2S must be converted to
elemental sulfur which is mainly accomplished in a sulfur recovery unit (SRU). To do such a
task, Claus process is widely used nowadays in a modern configuration succeeds the one
pioneered in 1883 based on the reaction of H2S over a catalyst with air (oxygen) to produce
sulfur and water [21 that typically recovers 95 to 97 percent of the H2S feed stream [31, Ap-
proximately 90 to 95 percent of recovered sulfur is produced by this technology.

Few articles have been reported on the fundamental modeling and simulation of the Claus
process [4-71: however, there are scarce studies on using black-box modeling approach for this
process. In recent years, there has been a significant increase in the use of artificial intelli-
gence based techniques in the field of industrial control. Different intelligent techniques (black-
box modeling approaches) like fuzzy logic, artificial neural network (ANN) and other hybrids
were successfully implemented for various control problems. Prakash et al. studied optimal
control of incinerator in a sulfur recovery unit by an ANN model [8], This model had four inputs
including O2 and SO2 concentration, the temperature of the incinerator and total flow rate of
the tail gas. The outputs of the network controlled parameters of the process i.e., fuel gas and
air flow rates and oxygen concentration in the input air. It was found that the model was able
to successfully approximate the training data and generate the inputs for the plant for its
optimal operation. Abdali et al. studied estimation of the temperature of Claus furnace using
ANN and control of the Claus reactions. In this research, the amount of H2S content was
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adjusted aware of the air flow rate [°1, Moreover, output temperatures of Claus reactors was
estimated via adaptive linear neuron networks.

In this research, based on data collected from a modified SRU in an Iranian gas refinery,
the sulfur content of the tail gas (TG) is modeled applying the ANN modeling methodology.
This model which is implemented in R has a feed-forward structure, and it is composed of 6,
3 and 1 neurons in the input, hidden and output layers, respectively. By using the proposed
model, the sulfur emission from the target plant is minimized. Due to the importance of the SRU
from the environmental viewpoint, this research and the proposed methodology is significant.

2. Process description

A block flow diagram of the understudy Claus process unit is presented in Figure 1. The acid
gas from the upstream (i.e., sweetening unit) is directed to the acid gas KO drum D-01. The
gas comes from this KO drum is warmed up to 220°C in the E-01 by using HP steam, and then
goes through the reaction furnace burner (H-01). By using the compressor (K-01 A/B), the
required air is introduced to the pre-heater (E-02), and heated by high pressure steam before
entering the furnace burner H-01.

E-01
Steam
T To
R-01
\ H-02
Acid Gas H-01
/ Air
D-01 T
- Fuel Gas
Air Fuel Gas B-01 T u
BFW
B—e =
K-01 A/B E-02 E-05 E-07 E-03
From
H-02
Tail Gas
ROL) R-02) G03)
D-02
| | | | | | Liquid
Sulphur
E-04 E-06 E-08 >
T-01
|-| L L Sulphur Pit |-|

Figurel. Block flow diagram of the target Claus unit

The process gas from furnace burner (H-01) is cooled in passing through the reaction fur-
nace boiler B-01, and then routed to the 15t condenser (E-03) where the gases are cooled,
and sulfur is formed. The condensed sulfur is removed through a seal pot to the sulfur degas-
sing pit (T-01). The process gases pass through the auxiliary burner (H-02), where they are
reheated up to 235°C before introducing the first catalytic reactor (R-01). In this reactor,
additional sulfur is produced and scraped in the vapor phase by the process of hot gases. Due
to the exothermic nature of Claus reactions, the temperature increases across the catalytic
bed. However, the inlet temperature of the reactor should be adjusted such that the outlet
temperature of the reactor reaches to at least 300°C for promoting the hydrolysis of COS and CS..

The hot gases leaving the 15t reactor are cooled in the 2" condenser (E-04) by generating
LP steam. The condensed sulfur is also sent to the sulfur degassing pit (T-01). The gases
leaving the condenser (E-04) first are reheated up to 215°C by the heater (E-05) and then
routed to the 2" catalytic reactor converter (R-02). The hot gases leaving the second con-
verter (R-02) are cooled in the 3™ condenser (E-06) by generating LP steam. The condensed
sulfur flows through a seal pot to the sulfur degassing pit (T-01). Process gases leaving the
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3" condenser is reheated up to 200°C by HP steam in the heater (E-07), prior to entering the
3 catalytic reactor (R-03). The process gases pass downwards through the catalyst bed of
third reactor (R-03). The gases are then cooled to 130°C in the last condenser (E-04) in order
to condense the sulfur and to decrease its losses by vapor pressure in the tail gas. The last
condenser ensures cooling of gases by generating very low LP steam, which is condensed in
an air cooler. Prior to being incinerated, the effluent gas from E-03 introduces to the last
equipment (D-02), and any mists and drops of liquid sulfur are collected.

3. Process modeling and optimization

The modeling strategy used in this research is the same as the methodology presented in
the previous works [10-111 In the current study, an ANN model is implemented in R software
(Version 3.4.1, Copyright 2017) for simulating the sulfur content of TG (i.e. sum up molar per-
centages of H2S and SO2). R is a language and environment for statistical computing and
graphics which was developed at Bell Laboratories (formerly AT&T, now Lucent Technologies)
by John Chambers and colleagues. The significant benefit of using R is its opportunity as free
software under the terms of the Free Software Foundation’s GNU General Public License in
source code form. To develop and construct the corresponding ANN model, the package ‘neuralnet’
(Version 1.33) obtained from the CRAN repository is applied. This package permits resilient
settings through custom-choice of error and activation function, and also the calculation of
generalized weights is implemented [*2], The globally convergent algorithm of ‘neuralnet’ is
based on the resilient back-propagation without weight back-tracking, and additionally modi-
fies one learning rate, either the learning rate associated with the smallest absolute gradient [13],

The most widely employed networks have one hidden layer only. Each node within a given
layer is connected to all of the nodes of the previous layer. The node sums up the weighted
inputs and bias, and it passes the result through a linear function as follows [141:
aj = XiZoWjiYi + b (1)

In Eq. (1),w;; is the weight that goes from the input (i) to the hidden neuron (j); bis the
bias to the node, and y; is the input unit of the neuron. By utilizing an activation function(f),
the output of the neuron can be written as follows:

Zj = f(a)) (2)

By using ‘neuralnet’ package, a feed-forward ANN with one hidden layer is developed to
simulate the sulfur content of the TG. The input layer of Claus ANN model is contained in acid
gas flow rate (Fin), temperatures of input streams to the catalytic reactors (TinR1, TinR2, and
TinR3), and H2S and SOz contents of acid gas. The output layer has one node which is the
summation of SOz and Hz2S contents of the TG (InH2S and InS02). To inhibit from memorizing
instead of learning, only 3 neurons are selected for the hidden layer such that the number of
coefficients should be less than the number of real data points obtained from the target SRU
plant.

To evaluate the accuracy of the model, the absolute average deviation (AAD%) and mean
squared error (MSE) between the actual and predicted data are calculated as follows:

2
Ny (y%ctual_yﬁodel)
Tnz1

actual?
AADY% = S x 100 (3)
t
1
MSE = lel\lt(yrcllctual _ yrqnodel)z (4)

where y and N, are output variables (i.e. sulfur content of TG) and number of data points,
respectively; superscripts actual and model indicate the actual (or real) and the simulated
values, respectively.

Finally, to optimize the target modified Claus process, the sum of H2S and SOz content of
the TG is minimized by manipulating the temperatures of the input temperatures to the cata-
lytic reactors (15t, 2"d and 3™ Claus reactors). To be engaged such a problem, ‘optimx’ package
available in R software is applied. This package provides a replacement and extension of the
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‘optim’ function of R toolbox to unify and streamline optimization capabilities for smooth [15],
In this study to carry out the optimization procedure, Large-scale Bound-constrained (L-BFGS-
B) method is utilized which is a limited-memory quasi-Newton code for bound-constrained
optimization.

4. Results and discussions
4.1. Modeling the target SRU

During 90 days, 90 data points including acid gas flow rate, temperatures of input streams
to the catalytic reactors, H2S and SO: contents of acid gas, and sulfur content of TG were
obtained from the understudy Claus plant. These data points were divided into two categories:
training and validating groups which were included 63, and 27 points (70% and 30% of total
data), respectively. The topology of ANN constructed by R for modeling sulfur content of TG
is demonstrated in Figure 2. As seen, each network has 21 weights and 4 biases, totally 25
coefficients; therefore, the number of model variables is less than the half of the training data,
and the degree of freedom (DOF) for training the network is equal to 38. It seems that this
positive DOF restrains from over learning instead of training.

TinR1

TinR2

TinR3

Fin

InH28

InS02

Error: 0.884732 Steps: 1096

Figure 2. The topology of ANN constructed by R for predicting total sulfur of TG in the target SRU

The results obtained for simulating the sulfur content of TG is presented in Table 1. From
this table, it is concluded that the AAD% and MSE of training data (1.164% and 0.057, re-
spectively) are less than those of belong to testing or unforeseen data points (3.429% and
0.095, respectively), and they are relatively close together. To further explore the validity of
the model, in Figure 3, the actual data on the sulfur content of TG are sketched against trained
and validated values obtained from the developed ANN model. As seen, the ANN model has
acceptable accuracy, and therefore it can be applied for the purpose of optimizing the modified
Claus process. We believe that the observed deviation is mainly due to the error of measuring
H>S and SO2 concentrations of the TG.

Table 1. AAD% and MSE of the ANN model in comparison to the actual data

Product Training data (%) Validating data (%)
AAD% 1.164 3.429
MSE 0.057 0.095
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Figure 3. Comparison of real and simulated (trained (o) and validated (m)) values of the total sulfur of TG
4.2. Reducing the sulfur emission

After developing and validating the ANN model for the target modified Claus process, this
model is ready for being applied to reduce the sulfur emission of the SRU. Therefore, for all
90 test runs, the optimized feed temperatures of Claus convertors are calculated by using the
proposed model. Then, for each case, temperatures are adjusted to minimize the sulfur con-
tent of the TG. After applying the optimal decision variables, the comparison between the
optimal values of TG sulfur content versus the current (actual) ones is presented in Figure 4.
As seen, the obtained optimum inlet temperatures can decrease the sulfur content of TG by
approximately 0.3 mol% which is equal to 50% decrease in sulfur emission. It is obvious that
lowering the concentration of sulfurous compounds in the TG is a momentous achievement
both from the environmental and economic viewpoints.
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Figure 4. Comparison of the actual (m) and optimized (o) values of the total sulfur of TG
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The results related to the optimum values of the input stream temperatures of catalytic
beds against the actual values are presented in Figures 5 to 7. As seen in Figure 5, the opti-
mum temperature of the first convertor should be adjusted to the values lower than the actual
temperature. This phenomenon is expectable due to the exothermic nature of the Claus reac-
tions; therefore, a lower temperature is desired to supply a suitable thermodynamic condition
for higher SOz and H2S conversion [16]1, On the other hand, in the 2" and 3 catalytic reactors,
the degree of temperature reduction is limited by the sulfur dew point such that below this
constraint, the sulfur conversion decreases because of the blockage of the catalyst surface,
and the plausible deactivation [171, Therefore, in opposite to the thermodynamic equilibrium,
the temperature of the feed introduced to the 2" and 3™ convertors should be meticulously
elevated (see Figures 6 and 7).

255 256
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Figure 5. Comparison of the actual (m) and optimized (o) values of the inlet temperature to the 1t Claus reactor
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5. Conclusions

A commercial-scale modified Claus unit was modeled based on the ANN methodology de-
veloped in R software. This model was a feed-forward neural network including six neurons in
the input layer (i.e. acid gas flow rate, temperatures of input streams to the catalytic reactors,
and H2S and SO contents of acid gas), three neurons in the hidden layer, and one neuron in
the output layer (i.e. sum of SO2 and H2S contents of TG). The model was trained and validated
against the actual data points which were gathered from the target plant during 90 days. The
results showed that ANN could simulate the sulfur content of training and validating data (63
and 27 data points, respectively) with an AAD% of 1.164% and 3.429%, respectively. The
MSEs of the model for those data were 0.057 and 0.095, respectively. These results confirmed
the reliability of the constructed ANN model.

To suggest an application for the developed ANN model, the sulfur content of the TG was
minimized by manipulating the temperatures of feed streams entered to the catalytic
convertors of Claus process. The results proved that within the admissible range for the ad-
justed variables, the average sulfur content of the TG could be decreased from 0.6 mol% to
0.3 mol% (about 100% reduction in sulfur emission).

It is supposed that applying optimal decision variables in the target modified Claus process
can decrease sulfur contaminant emission which has a great impact on the environmental and
economic aspects of the process.
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Abstract

Esters are excellent lubricants and high performance industrial fluids, but they are often costly.
We prepared the ester sorbitol palmitate via an inexpensive phase-transfer catalysis method as
an additive for the retardation of oil oxidation. The effects of the sorbitan palmitate content on the
lubricant properties and oxidation stability of a base oil were determined. The addition of sorbitan
palmitate to the oil retarded oxidation and enhanced the pour point depression. A novel method
for inhibiting oxidation through the action of micellar cores was suggested. This micellar inhibition
offers a new concept for the protection of lubricants against oxidative degradation.

Keywords: Hydrocarbon,; Oxidation; Alkylation,; Esterification; Wear.

1. Introduction

Esters are widely used as lubricants and high performance industrial fluids. They are char-
acterized by good biodegradability, low volatility, good lubricity, good thermal stability, and
low pour points [], Ester oils are now used in many applications, including as automotive
engine oils, hydraulic fluids, and compressor oils [21, The antiwear and antifriction character-
istics of alkyl octadecenoates increase with an increase in the number of polar linkages in the
alkyl octadecenoate backbone. This is primarily due to the increase in a number of sites ame-
nable to chemisorption on the surface and, consequently, their reactivity. The antiwear and
antifriction characteristics of derivatives of ethyl octadecenoates are inferior to the corre-
sponding methyl 12-hydroxyoctadecenoate derivatives. This can be attributed to the increased
reactivity of the latter at surfaces due to the additional hydroxyl moiety [31,

The properties of a non-ionic surfactant are related to its chemical structure. In particular,
the structure of its hydrophobic and hydrophilic groups and their interactions are of great
importance. The oxidative stability of lubricating oil has a critical influence on its performance
during service. In this paper, the non-ionic surfactant sorbitan palmitate (SPT) was prepared
by phase-transfer catalysis, and its physicochemical (e.g., cloud point, critical micelle concen-
tration (CMC) [4-51 and performance properties [6] as an antioxidant were investigated.

Ester oils are typically prepared by alcoholysis reactions catalysed by simple inorganic com-
pounds 71, Transesterification can be catalysed by both acids and bases, with the latter usually
proceeding at much faster rates [71. Aqueous solutions of sodium alkanoates will react with
alkyl halides in a second phase provided an amine is added as a catalyst [8-°1, Hennis et al. [°]
showed that the catalyst must have at least one moderately long alkyl group to function well.
The poor nucleophilicity of acetate ion toward various substrates in condensed systems has
been attributed to a combination of polarizability, basicity, and solvation factors. Liotta et al. [1°]
reported that the acetate ion, solubilized as the potassium salt in acetonitrile or benzene con-
taining 18-crown-6, becomes sufficiently nucleophilic to react smoothly and quantitatively,
even at room temperature, with a wide variety of organic substrates. Because of the cost of
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some esterification methods, we explored a phase-transfer catalysis approach for the prepa-
ration of SPT.

The aim of this work was to study the preparation and performance of SPT as an additive
which can act as an antioxidant and affect the pour and cloud points for a base oil. SPT was
added to the base oil in different concentrations, and its antioxidant activity was evaluated as
a function of time. The degradation of the oil was monitored by total acid formation. A mech-
anism of action based on the formation of micelles and micellar inhibition of radical propaga-
tion was suggested. The oxidation stability of the lubricating oil was largely affected by the
sulfur and aromatic hydrocarbon concentration in the oil, with an increased sulfur content
leading to increased oxidative stability. The prepared compounds gave higher oxidation sta-
bility than imported compound (IRGANOX® L 135, Ciba) [11],

2. Experimental
2.1. Base oil sample
The physicochemical properties of the base oil are listed in Table 1.

Table 1. Physicochemical properties of the base oil

Property Base oil Test
Density (g/mL) at 15.5°C 0.8918 D. 1298
Refractive index (nD20) 1.4945 D. 1218
ASTM colour 4.5 D. 1500
Kinematic viscosity (cSt) D. 445

at 40°C 18.56

at 100°C 27.15
Pour point (°C) 12 ASTM D 97
Molecular weight (g/mol) 450 GPC
Total paraffinic content (wt%) 61.353 Urea adduction [7]
Carbon residue content (wt%) 1.5 ASTM D524
Ash content (wt%) 0.0311 ASTM D482
Naphthenes (wt%) 24.49 ASTM 3238/85
Aromatics (wt%) 9.51 ASTM 3238/85

2.2. Preparation of the additive by phase-transfer catalysis

Method 1. Anhydrous aluminium chloride (1 mol) was added with stirring over 1 h to 1-
chloropalmitoyl chloride (1 mol) in CCl4 (100 mL). The reaction temperature was kept at 20°C,
and stirring was continued for another hour to form the aluminium chloride complex. Sorbitan
(0.1 mol) was condensed with palmitoyl chloride (0.6 mol) in a three-necked flask in the
presence of tetraethylammonium bromide (0.01 g) as a phase-transfer catalyst. The reaction
mixture was heated with continuous stirring until the theoretical amount of water was col-
lected. The product was purified by washing with a hot solution of 5% sodium carbonate and
was then dissolved in petroleum ether (b.p. 40-60°C). The sorbitol palmitate was completely
characterized by IR, *H NMR, and mass spectroscopy.

The esters can be also prepared from haloalkanes by phase-transfer catalysis (ptc), as follows:
A mixture of 1-bromohexadecane (0.25 mol), sodium acetate trihydrate (0.2 mol), and tetra-
ethylammonium bromide (1 g) was heated at 105°C with vigorous stirring for 1 h. Then, water
(300 mL) was added, the organic layer was separated and dried over anhydrous Na2S04, and
1-hexadecyl acetate was recovered in 97% vyield.

Method 2. The transesterification of methyl palmitate with 1-sorbiton was catalysed by
calcium oxide. The ester was charged with the 1-sorbiton complex in a glass reactor equipped
with a Dean-Stark trap. Methanol was removed by azeotropic distillation with isooctane, as
per the following equation:

Methyl palmitate + 0.1 Sorbitan > Sorbitan palmitate (C22H4206) (SPT) + CH3OH
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2.3. Oxidation stability study

The oxidation tests were carried out at 120°C according to the ASTM D 943 standard
method. The base stock sample was subjected to oxidation with pure oxygen at a flow rate of
0.1 L/h for a maximum of 70 h. The SPT additive was added in different concentrations (from
1 x 107%to 1 x 1073 mol/L). The viscosity, pour point depression, and total acid number was
determined.

3. Results and discussion

The successful preparation of SPT was confirmed by IR and NMR spectroscopy (Fig. 1). In
the IR spectrum characteristic CH2 and CHs stretching bands at 2916-2860 cm™! is observed,
as is a band at 1750 cm~! typical for a carbonyl group. The molecular weight was confirmed
by mass spectroscopy, with the product affording a parent ion at m/z 402.5. The melting point
is 47°C.
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Figure 1. IR spectrum of the prepared compound

The synthesis conditions for SPT were probed by studying the rate of product formation as
a function of the catalyst loading. The preparation of SPT from alkyl carboxylates depends on
the rate of quaternization relative halides and aqueous sodium (Figure 2).

According to Hennis et al. [°], the rate can be determined according to the following:

N(Et)s Br + R-X  -eemmemmemes Koo (Ef)sN*RX
(Et)sN*RX/dt = K[(Et)sN/RX]

3.1. Evaluation of SPT as a pour and cloud point depressant and a flow improver
for the base oil

Figures 3 and 4 present the data for the changes in the pour and cloud points as a function
of the SPT additive concentration. The additive clearly depresses both the pour and cloud
points. This indicates that SPT prevents aggregation of the wax nuclei, but the value is nearly
equal to the critical micelle concentration (CMC) in the oil phase (5 x 10> mol/L). Thus, the
additive disperses the wax molecules and disrupts the formation of aggregates, in accordance
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with the findings in a previous report [11], The onset of the effect is observed at a concentration
below the critical micelle concentration (CMC) and reaches a maximum at the CMC. Further
increases in the concentration of the additive lead to the reversal of its adsorption orientation,
as confirmed by Omar and Khidr [12],
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There is a good relationship between the oxidation stability of an oil and its viscosity. The
oxidation behaviour of the oil was studied by oxidizing it at 120°C and determining the total
acid number at different times, whereas the viscosity was determined at 100°C. The results
in Table 1 show that the viscosity and total acid number increase slightly over time during
oxidation. These data confirm that the addition of SPT retards hydrocarbon degradation and
the increasing of the oil viscosity with time. Thus, SPT increases the oil’s stability toward
oxidation and extends its lifetime. These results can be clearly observed in Figure 5. From this
diagram, the addition of the additive to the oil retards the increase in the total acid number
through oxidation. The best results are obtained at 5 x 10~> mol/L (the CMC of the additive).

To explain these results, the author suggests a concept of revised micelle formation during
hydrocarbon oxidation. The formation of micelles and their aggregation may take part in the
oxidation process by inhibiting the chain propagation of the alkoxy free radicals R—0". The
author believes that the micelles have cores in which the alkoxy free radicals are trapped. This
means that the radicals that form oxidatively lose their ability to attack other species. Moreo-
ver, increasing the concentration of the additive does not change the degree of oxidation
stability. It can be suggested that the possibility of micelle to aggregates or destruct of micelle
lead to a free molecule of this additive tend to adsorbed at oil interface. This mechanism
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implies that before an additive is added into oil, the critical value of micellization must be
determined. This work agrees with early research by the author [11],

To elaborate on this concept, further work will be needed to calculate the aggregation num-
ber of the micelles and their geometry at the oil interface. Moreover, the effects of non-ionic
polymers on the degree of stability of the micelles, which can have a predominant role in
oxidation processes, should be studied.

4. Conclusion

The mechanism of action for sorbitan palmitate as a multifunctional additive for the modi-
fication of the pour and cloud points and viscosity improver for a base oil was examined. The
efficiency of this additive depends on its critical micelle concentration. The micelle cores act
as traps for hydrocarbon oxide radicals in which to terminate hydrocarbon oxidation chains.
The micellar inhibition depends on the incorporation of hydroperoxide or other polar oxygen-
containing molecules in the reversed micelle, as the results revealed the increased oxidation
stability of the oil. This information may be useful in further efficiency improvements for an-
tioxidant additives.
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