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Abstract

Cu-SSZ-13 was successfully synthesized by a one-pot method with silica aerosol acting as the silicon
source. The physicochemical properties of obtained samples were characterized by X-ray diffraction,
thermogravimetric and differential scanning calorimetry, and NHs-temperature programmed
desorption. The effects of deionized water usage during catalyst preparation on catalyst activity were
investigated in detail. Among all catalysts, Cu-SSZ-13-25 possessed best NO conversion up to 85% at
250-450 °C, and the denitration efficiency at 300 °C could be stabilized at about 90%. Furthermore,
the NH3-SCR activity of Cu-SSZ-13-25 reduced to 62% in the presence of water vapor and bounced
back to 88% with the removal of H,O (g). The SO in flue gas reduced the desorption rate of ammonia
on the catalyst surface, resulting in the activity of Cu-SSZ-13-25 down to 47%.

Keywords: Cu-SSZ-13; SiO2 aerosol; Selective Catalytic Reduction; NH3-TPD; SO: poisoning.

1. Introduction

NO may cause a series of non-negligible environmental problems such as photochemical
smog and acid rainf*-2], In the previous decade, selective catalytic reduction of NO using NH3
as a reducing agent (NH3-SCR) has been a commonly used method to effectively reduce NO
emission[3], At present, V20s5/TiO2 series catalysts are widely used in industrial denitration
which can remove 90% NO at 300-400°C 41, However, the above-mentioned catalyst is restric-
ted by the volatilization of vanadium in the catalyst at high temperaturel®l, Thus, further deve-
lopment of high efficiency and eco-friendly SCR catalyst remains to be a challenge.

Alternatively, the molecular sieve catalysts especially zeolite-supported metal catalysts
have obtained a lot of attentions due to their good specific surface area and stable space
structure [, Song et al. [7lanalyzed the effect of copper precursors of Cu/ZSM-5 catalysts on
the SCR catalytic activity and verified copper nitrate was the optimized one to remove 90%
NOx at 225-405 °C. Another prominent molecular sieve catalyst is Cu-SSZ-13 because of its
regular microporous structure and excellent resistance to hydrothermal aging [81. Mn-Ce/Cu-
SSZ-13 catalyst [°1 was synthesized with favorable activity from 125°C to 450 °C up to 90%
NO conversion. Nevertheless, the template of Cu-SSZ-13 N,N,N-trimethyl-1-adamantammo-
nium hydroxide (TMAdaOH) and silica sol used as silicon source was expensive leading to high
cost in catalyst synthesis [1°], In order to reduce the cost, Xie et al. [*1] reported a one-pot
synthesis method using copper-tetraethylenepentamine (Cu-TEPA) as both template and
copper source. This method significantly reduced the synthesis cost which is good for
commercialization. However, perfect alternatives to silica sol have not been found. A possible
cheaper silicon source is silica aerosol with the advantages of small silicon particles (about 50
nm) and benign dispersion in water.

In this study, a series of Cu-SSZ-13 were synthesized by one-pot method where Cu-TEPA
used as template and silica aerosol acting as silicon source. The effects of deionized water
usage during catalyst preparation on catalyst activity were investigated in detail. The sample
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with the best activity was selected to investigate the influence of poisoning caused by water
vapor and SOz in flue gas. And physicochemical properties of samples were characterized by
X-ray diffraction (XRD), Thermogravimetric and differential scanning calorimetry (TG-DSC),
and NHs-temperature programmed desorption (NH3-TPD).

2. Materials and methods
2.1 Materials

In this work, all reagents and solvents used were A.R. grade without further purification.
CuS04-5H20 was purchased from Ligiang (Guangzhou) Chemical Co. Ltd. NaAlO2 were received
from the Xiya Reagent Co. Ltd. Tetraethylenepentamine(TEPA) was supplied by Damao
(Tianjin) Chemical Co. Ltd. Silica aerosol was produced by Tianjin Kemiou Chemical Reagent
Co. Ltd. the NaOH was purchased from Tianjin Guangcheng Chemical Reagent Co. Ltd.

2.2. Catalysts preparation

The Cu-SSZ-13 samples were prepared using the one-pot method. In a typical synthesis,
0.51 g NaAIO2 and 0.5 g NaOH were dissolved in 4.72 g of deionized water by ultrasound for
10 minutes. Then 1.149 g CuS04:5H20 was added to the solution and stirred for 30 minutes.
Next, 1.07 g TEPA was dropped into the mixture followed by intense stirring for 1h. Finally,
2.63 g silica aerosol and x g deionized water (x=13, 17, 25, 35, 50) were added and stirred
for 3h. The resulting solution was transferred into Teflon-lined autoclaves and heated at a
temperature of 140°C for 6d. The product was collected by vacuum filtration, washed by
deionized water for several times and dried at 100°C for 12h, named as Cu-SSZ-13-x. Before
NH3-SCR activity tests, 1 g Cu-SSZ-13-x was added into 100 ml NH4NO3z solution (1 mol-L1)
and stirred for 12h to remove excess copper ions. Then, the samples dried at100°C for 12h
and calcinated at 550°C for 8h (heating rate was kept at 5°C-min?).

2.3. Catalyst characterization

The XRD pattern of sample is conducted with a Bruker D8 Advanced diffractometer with a
Cu target Ka-ray and Nickel filter was utilized to ensure the incoming x-rays are monochro-
matic. In addition, the scanning angle is from 5 to 50° of 28 at a scanning rate of 2.8° per
minute. Thermogravimetric (TG) and differential scanning calorimetry (DSC) analysis of
obtained samples were carried out with a SDT Q600 Universal V4.1D TA instrument under a
flow of N2 from 100°C to 700°C with a heating rate of 10°C-min-t. NH3-TPD was finished by a
thermal conductivity detector (TCD) at a heating rate of 8°C-min-!, and the total carrier gas
flow is 100 ml-min-,

2.4. NH3-SCR activity

The NH3-SCR activity measurements were carried out in a fixed bed reactor placed in the
center of a tubular furnace. The catalyst was positioned in the quartz tube between two layers
of quartz wool. The typical reaction conditions were regulated by mass controllers as following:
600 parts per million by volume (ppmv) NO, 700 ppmv NH3, 6% 02 and N2 was the equilibrium
gas. In typical conditions, 0.13 g sample was used in each run. The total flow rate was 100
ml-min-! corresponding to a space velocity (GHSV) of 15000 h-l. The NOx conversion rate can
be expressed as (Co-C)/Cox100%), where Co stands for the concentration of NOx in the feed
gas and C stands for the concentration of NOx in the outlet gas.

3. Results and discussion
3.1. Characterizations

XRD pattern of Cu-SSZ-13-25 was shown in Fig. 1, it can obviously find the characteristic
peaks of CHA molecular sieves [12]1 (26=9.5°, 12.9°, 16.2°, 20.8°) illustrating that Cu-SSZ-13
was successfully synthesized with silica aerosol. However, the intensity of peaks is weaker
than Cu-SSZ-13 synthesized by silica sol. It has been reported that the interaction between
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the templating agent and inorganic species is the key to the formation of a stable hybrid
mesostructured. Different silicon sources have diverse effects on the structure and species of
the silicate ions in the crystallization solution [*3]1, The poor dispersion of silica aerosol in water
resulted in a decrease of silicate ions in crystallization solution which is the main reason for
the weaker crystallinity of the catalyst.
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Fig. 1. XRD pattern of Cu-SS5Z-13-25 sample Fig. 2. TGA-DSC curves of Cu-SSZ-13-25 sample

In order to study the thermal stability of the catalyst, TG-DSC analysis of Cu-SSZ-13-25
was done, as shown in Fig. 2. It was obvious that the mass fraction of the sample dropped to
94% at a temperature below 200°C due to moisture evaporation from the sample. Then, the
mass fraction went down steadily and slowly indicating that the catalyst had good thermal
stability. Furthermore, there are two endothermic peaks located at 497°C and 771°C, which
could be attributed to the decomposition of residual TEPA calcination and the oxidation of the
Cu species, respectively.

3.2. SCR activity

It is undoubted that the amount of
deionized water and NaOH used in catalyst
preparation has a great influence on the struc-
ture and activity of Cu-SSZ-13, and moderate
Na* content can improve both the low-tempe-
rature activity and the hydrothermal stability [14]1,
Xie et al. [15] testified that higher Na* contents
brought in poorer hydrothermal stability because

100 -

60 -

W —=— Cu-SS7-13-13

NOx conversion rate (%)

—— Cu-$87-13-17 excess Na* ions in the catalysts decreased the
S stability of C i iousl
. s y of Cu species seriously.

I —— Cu-SSZ-13-50 In this study, deionized water usage was
. L changed in order to improve the dispersion of
S0 100 150 200 250 300 350 400 450 s00 silica aerosol in crystallization solution leading

Reaction temperture (°C) to the change of Na* concentration. Hence, the

effects of deionized water usage during
Fig. 3. The effects of deionized water usage catalyst_ preparation on_ ca'_calyst activity was
during catalyst preparation on catalyst activity =~ nonnegligible. As shown in Fig. 3, the tendency

of the catalytic activity of each sample was similar, among them, Cu-SSZ-13-25 possessed
the best NO conversion up to 85% at 250-450°C, and the denitration efficiency at 300°C can
be stabilized at about 90%. Comprehensively, Cu-SSZ-13-50 has the lowest catalytic
efficiency due to the increase of deionized water usage decreased the Na* concentration in
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the crystallization solution leading to the insufficient crystallinity of sample [*51, In summary,
Cu-SSZ-13-25 is the optimal catalyst.

3.3. Effect of SO2 and water vapor

In the life test, the conversion of NO could be stabilized at 95% in 10 minutes, and there
is no significant fluctuation in the test. However, in the presence of water vapor, the activity
of Cu-SS5Z-13-25 decreased rapidly within half an hour, then stabilized at about 62% after an
hour. After removing H20(g), the NO conversion recovered to 88% within half an hour,
furthermore, as the reaction continues, the activity of the sample is returned to the initial
state after two hours.
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Fig. 4. The life test and the effect of SO, and
water vapor on the SCR activities of the Cu-SSz-
13-25 catalyst. All Reaction was conducted at
300 °C
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In the denitrification reaction with SOz in the
flue gas, low temperature deactivation is
primarily caused by the formation of
ammonium sulfate species or competitive
adsorption between SO2 and NOx. what is
more, the formation of metal sulfate species
is considered to be a key step in the standard
SCR reaction [161, As shown in Fig. 4, after the
introduction of SOz, the NO conversion was
significantly reduced to about 47% after one
hour, and then it was basically stable. With
the removal of SOz, the activity of Cu-SSZ-
13-25 recovered rapidly to 60%. Therefore,
the activity of the catalyst is not sufficient to
meet the needs of industrial applications.
Further work is needed to improve the
resistance to SOz of Cu-SSZ-13 synthesized
by silica aerosol.
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Fig. 5. NH3-TPD profiles of (a) Cu-SSzZ-13-25, (b) Cu-SSZ-13-25 after SO, and water vapor poisoning
experiment.

NH3-TPD results (Fig. 5) demonstrated the change of the surface acid amount of Cu-SSzZ-
13-25 before and after SOz and water vapor poisoning experiment. As shown in Fig. 5(a), The
peaks position of Cu-SSZ-13-25 was mainly concentrated in the low temperature, where the
peak at 175°C was attributed to weak acid sites and peaks at 255°C, and 326°C are assighed
to mid-strong acid sites [17]1, The peaks position of Cu-SSZ-13-25 after SO2 and water vapor
poisoning experiment did not change significantly, but the peak intensity of mid-strong acid
sites obviously reduced, indicating that the poisoning effect of SO2 was mainly concentrated
on the medium-strong acid sites. However, the intensity of the peak at 410 °C was increased,
verifying that the active sites were converted to strong acid sites after the introduction of SO2
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in the flue gas, which was more difficult to desorb in NH3-SCR reaction at 300°C. Therefore,
the presence of SOz reduced the desorption rate of ammonia on the catalyst surface, resulting
in a decrease in the activity of Cu-SSzZ-13-25.

4. Conclusions

Cu-SSZ-13-x was successfully synthesized by a one-pot method with silica aerosol acting
as the silicon source. However, the crystallinity of Cu-SSZ-13-x is weaker than Cu-S5Z-13
synthesized by silica sol due to the poor dispersion of silica aerosol in water. In all catalysts,
Cu-SSZ-13-25 possessed best NO conversion up to 85% at 250-450°C, and the denitration
efficiency at 300°C can be stabilized at about 90%. Furthermore, the NH3-SCR activity of Cu-
SSZ-13-25 reduced to 62% in the presence of water vapor and bounced back to 88% with the
removal of H20. SO2 reduced the desorption rate of ammonia on the catalyst surface, resulting
in the activity of Cu-SSZ-13-25 down to 47%. Further work is needed to improve the resis-
tance to SO2 of Cu-SSZ-13 synthesized by silica aerosol.
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Abstract

World attention has been drawn to the climate change as a result of global warming. Carbon dioxide
(CO,) is a greenhouse gas contributing 9-26 % to global warming. Hence this study focused on
estimating CO; emission from road transport system in Nigeria from 2004 - 2007. Inventory of all the
automobile on the roads of the selected states in Nigeria was taken for the years under review. CO;
emission from this automobile was estimated using emission factor approach. The result showed Lagos
state contributed highest total emission of CO, with 116007706.2 ton/annum in the years under review
while Cross River State contributed the lowest emission of 1170712.9 ton/annum. Also, motor cars
contributed the highest emission of CO, of 6720036.462 ton/annum to the ambient environment in
the years under review while Lorries contributed lowest emission of 927541.18 ton/annum. The work
provides an insight into the contribution of road transport system into the ambient level of CO,. The
result from this work will help to put in proper legislation in reducing the emission of these pollutants.

Keywords: vehicular emission; carbon dioxide; pollution.

1. Introduction

There is an unprecedented increase in surface temperature on the earth and this has been
attributed to an anthropogenic increase in the rate of emission of greenhouse gasses [1-31,
Among the six greenhouses gases, CO2 a has been identified as a major culprit for global
warming contributing 9-26 % [14], The effects of this temperature rise on human beings and
the environment have been extensively reported [51. Developing countries such as Nigeria has
had her share of the effect of global warming, the devastating effects of recent flooding in
some part of the of the country and the various prolonged droughts and heat meningitis
experienced in some parts of the Northern region of in the are typical effects of global warming [€1,

The vast majority of CO2 emissions come from fossil fuel combustion (coal, natural gas, and
petroleum), with small amounts from the nonfuel use of energy inputs, and emissions from
electricity generation using non-biogenic municipal solid waste and geothermal energy. Other
sources include emissions from industrial processes, such as cement and limestone production [71,
In Nigeria vehicular emission is an important source of carbon dioxide emissions contributing
around 20% of Western Europe's CO2 emissions as at the year 2000 [8l. Nonetheless, CO:
emissions from vehicles are projected to continue to increase, so proportionally their role may
become more significant.

It has been reported that between 1956-2005, the average earth's temperature rose
significantly by 13°C per decade which doubled the rate for the 100 years from 1906 to 2005 [61,
Temperatures in colder areas, like the Arctic, also rose twice as fast as the average. This has
led to the ice caps melting at a rate of 2.7% per decade since 1978. It also caused sea level
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to rise at an average rate of 3.11mm per year between the periods 1993-2003, nearly double
the rate between the periods 1961-2003 [7],

There has been an enormous growth in road traffic activity and the use of automobiles in
Nigeria. The result of this trend is that air quality in some towns and cities in Nigeria is now
dominated by emissions from road vehicles [°l. Global environmental impact due to the
burning of associated or solution gas, which produces carbon dioxide (CO2) and methane (CH4)
is worrisome. One of the sinks for these gasses is the stratosphere, where shortwave UV
radiation photo dissociates the molecules, releasing chlorine (Cl) atoms. These Cl atoms are
projected to reduce the steady-state stratospheric ozone concentration, in turn increasing the
penetration of harmful UV radiation which causes global warming.

There are many methods for estimating emission of air pollutants to the ambient air; these
include: direct measurement, mass balance, fuel analysis and emission factors. Among these
techniques, emission factor method is a simplified technique for estimation of pollutant
emission associated with an activity and has been widely used to quantify the number of
pollutants released from an activity [9-111, It is a representative value that attempts to relate
the quantity of a pollutant that is released to the atmosphere with the activity associated with
the release of that pollutant [*2]1, Hence this study is focusing on estimation the total emission
of CO2 from road transport system in Nigeria for the years under review; this is with the view
of determining the contribution of the vehicular emission to the ambient level of CO:in the
country.

2. Methodology
2.1. Study area

This study area is Nigeria with a population over 176 million according to World Bank
estimation. Nigeria is situated on the West coast of Africa, lies on latitudes 4° north of the
Equator and latitudes 3° and 14° on the east of the Greenwich Meridian. Shares boundaries
with The Republics of Benin and Niger in the West, Cameroon in the East, Niger and Chad in
the North and the Gulf of Guinea in the South.

2.2. Estimation of CO2

An emission factor approach was used for emission calculation. The national vehicle
statistics were collected from the Central Bank of Nigeria (CBN) and the National Bureau of
Statistics of Nigeria (NBS) “Annual Abstract of 2010”. Estimation of transport-related emissions
was based on equation (1)

E=exa (1)
where “"E” is the emission rate; “e” is the emission factor per unit of activity; and “a” is the
amount of transport activity.

This equation was applied to each vehicle category since the emission factors, and the
activity is different. The emission factor, e, is usually expressed in g/kg of fuel and primarily
related to driving conditions and vehicle type. The activity, a, is the kg of fuel consumed for
travelling a distance of 100km/hr by vehicle over the time unit, in km. Summarized in table 1
are the emission factors used for each of the vehicle types. This was done with the assumption
that: the vehicles move at 100km/hr on highways.

Table 1. Emission factors of vehicle categories

Emission source Uncontrolled fuel economy, CO; NOXx CH4
L/100 km g/kg fuel

Cars 11.2 3183 0.059 0.83

Buses 13.6 3183 0.059 0.783

Lories 22.5 3183 0.036 0.653

Motorcycles 2.4 3138 0.056 5.55

Source: Emission Inventory Guidebook 1 September 1999
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3. Results and discussion

This study determined the CO: level as one of the global warming agents from fuel consum-
ption by road transportation system in Nigeria. This was with the view to providing information
on the current contribution of road transport in Nigeria to her national emission levels.

These emissions calculations are presented as annual emissions with units of ton/year which
are presented in Table 2-5.

Table 2. Carbon dioxide (COz) from Nigeria roads in 2004 (ton/annum)

States Cars Buses Lorries Motorcycles
Abia 782 411.4 729 423.1 81 339.5 -
Akwa Ibom 1 057 137.0 66 942.5 17 003.2 1 468 045
Bayelsa 104 414.3 49 998.5 16 084.09 22 058.2
Cross River 195 370.8 - - 188 965.0
Ebonyi 504 437.2 120 274.3 117 643.6 478 123.2
Edo 1 058 065 249 992.7 496 309 59 606.1
Gombe 27 147.73 21 388.26 9 190.907 13 823.1
Imo 402 111.2 168 883.9 28 032.27 367 685.3
Kaduna 768 489.4 281 380.6 - 318 863.2
Katsina 336 214.1 68 053.6 75 824.9 317 196.6
Kebbi 706 304.9 794 421.2 1479 276.0 797 427.6
Kwara 712 105.7 393 599.6 108452.7 213 131.0
Lagos 13417 473.0 1803 836.0 877 731.6 566 110.9
Niger 433 435.5 407 765.8 98 342.7 104 212.6
Osun 532 049.0 11 3330.0 19 300.9 81 762.3
Oyo 136 202.7 19 443.9 39 061.4 19 607.3
Plateau 218 109.9 137 773.7 8 731.4 103 624.4
Sokoto 1 081 500.0 369 711.4 488 037.2 714 684.9
Yobe 313 243.0 61 387.1 45 035.4 469 594.1
Zamfara 144 787.9 101 663.7 141 080.4 184 602.4

Table 3. Carbon dioxide (COz) from Nigeria roads in 2005 (ton/annum)

States Cars Buses Lorries Motorcycles
Abia 577 527.2 545 539.6 62 498.2 1 802 545.2
Akwa Ibom 1153 198.0 73 331.2 52 388.2 1 084 478.0
Bayelsa 157 781.7 83 330.9 26 653.6 34 312.7
Cross River 240 617.0 - - 169 259.7
Ebonyi 224 374.8 57 498.3 50 090.4 116 614.2
Edo 1142 757.0 284 713.9 522 043.5 66 370.6
Gombe 36 661.0 27 499.2 22 058.2 11 715.3
Imo 332 269.6 147 773.4 20 679.5 428 222.7
Kaduna 768 721.5 111 663.4 - 53 135.7
Katsina 372 179.1 165 828.5 79 501.4 293 177.7
Kebbi 2 220 545.0 1811 891.0 1 630 926.0 831 887.4
Kwara 1 266 198.0 699 423.9 193 009.0 574 983.1
Lagos 16 357 316.0 1 986 053.0 906 223.4 393 223.8
Niger 512 790.4 484 985.8 138 782.7 121 172.9
Osun 778 466.8 217 215.9 25 274.9 216 072.1
Oyo 390 045.5 81 942.0 24 815.5 127 251.2
Plateau 1121 178.0 53 609.5 14 705.5 152 985.7
Sokoto 282 382.7 71 664.6 58 821.8 188 916.0
Yobe 375 427.5 114 996.6 36 763.6 500 475.5
Zamfara 144 787.9 101 663.7 141 080.4 184 602.4
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Table 4. Carbon dioxide (CO;) from Nigeria roads in 2006 (ton/annum)

States Cars Buses Lorries Motorcycles
Abia 688 902.5 520 262.5 99 721.3 583 071.1
Akwa Ibom 456 406.6 57 498.3 12 867.3 535 033.3
Bayelsa 185 625.5 138 884.8 38 142.3 59 066.9

Cross River 57 543.9 - - 225 679.7
Ebonyi 73 322.1 47 776.3 7 812.27 219 601.4
Edo 1403 792.6 291 658.1 206 795.4 59 066.9

Gombe 38 749.3 2 162 158.8 24 355.9 31 763.8

Imo 90 956.5 30 832.4 9 650.5 150 730.9
Kaduna 253 842.8 38 054.4 - 8 627.2

Katsina 230 639.7 91 663.9 29 410.9 118 231.8
Kebbi 914 437.5 1 066 079.9 487 577.6 790 614.1
Kwara 795 173.1 439 431.6 121 319.9 236 953.8
Lagos 27 402 728.1 4 104 046.4 2194 329.1 580 669.3
Niger 542 954.5 551 928.3 154 866.8 125 290.4
Osun 668 483.7 217 771.4 5 054.9 249 992.7
Oyo 287 951.5 76 664.4 14 245.9 81 909.4

Plateau 1222 575.8 587 482.8 10 569.5 266 560.8
Sokoto 157 317.6 60 831.5 39 520.9 101 026.5
Yobe 417 889.3 104 163.6 41 818.6 678 901.7
Zamfara 181 912.9 32 776.8 34 006.4 211 072.2

Table 5. Carbon dioxide (CO;) from Nigeria roads in 2007 (ton/annum)

States Cars Buses Lorries Motorcycles
Abia 1318 172.9 802 754.2 258 264.5 2 291 256.4
Akwa Ibom 338 534.5 40 554.37 21 139.1 878 552.7
Bayelsa 464 063.7 194 438.7 46 873.6 95 781.5
Cross River 93 276.8 - - -
Ebonyi 45 942.3 22 221.57 36 763.6 85 634.7
Edo 1 358 546.4 412 487.9 103 397.7 46 469.2
Gombe 48 958.7 31 943.51 31 249.1 5588.1
Imo 12 761.8 46 943.07 6 433.6 165 828.5
Kaduna 428 562.8 1771059 - 312 539.9
Katsina 489 587.1 35 554.51 103 857.2 197 494.2
Kebbi 922 558.6 1 353 294 607 059.4 713 753.6
Kwara 616 044.5 340 545.6 93 747.3 187 494.5
Lagos 36 396 050.1 4 788 749 3 306 429.0 926 737.5
Niger 603 282.8 479 708.2 238 963.6 157 642.4
Osun 766 401.1 246 381.7 3676.4 432 242.2
Oyo 463 831.645 144 995.7 39 520.9 110 290.9
Plateau 1 380 821.47 835 808.8 9 650.5 358 567.9
Sokoto 5420 26.375 108 052.4 2 757.3 305 383.2
Yobe 446 661.289 133 607.2 51 469.1 698 999.1
Zamfara 207 204.432 59 720.47 49 630.9 374 204.7

The emission of carbon dioxide (CO.) from cars in all the states in 2004 were estimated to be 71 550-
16 665 152 ton/annum with the highest emission in Lagos while the lowest estimated emission was in
Gombe state. In the year 2005 estimated emission from all the states were ranged from 97 933.7-19
642 816 ton/annum, Lagos state has the highest emission and Gombe state with the lowest emission.
Estimated emission ranged from 282 170.3-34 281 773 ton/annum in the year 2006 with lowest and
highest concentration in Imo state and Lagos state, respectively. Estimated emission in the year 2007
ranged from 17 739.4- 45 417 966 ton/ annum, with the highest concentration in Lagos state and lowest
in Gombe state. The result showed that Lagos state contributed the highest emission to the Nigerian
tropospheric CO,, this is connected with a large number of the automobile in the road of the state. Also,
major Petroleum depot is located in Lagos which make it a hotspot for petroleum takers that convey the
petroleum product to other parts of the country. Due to the number of the petroleum taker and longer
time they spend on the road as a result of the holdup usually, experience in the metropolis a large
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amount of CO; could be emitted from the exhaust of this vehicle which could cause a considerably
increase in the ambient concentration of CO,. Figure 1 shows the total emission of CO; from each state
under review. The trend observed showed virtually in all the state a progressively increase in the total
emission of CO; from the year 2004 to 2007 and this is connected with increasing in the number of the
automobile in the roads of the states in view. However, some state estimated CO, decreases
progressively in these years considered this could be attributed to some factors such as government
policies on petroleum products. It has shown that whenever petroleum price is increased by the
government low income earner are tend to dispose of their automobile thereby reduce the number of
the automobile in this state and in turn reduce the emission of CO> at the particular year. Figure 2 shows
the emission of CO;, from the various automobile in Nigeria road; the result showed the motor cars
contributed the highest emission of CO; to the ambient environment in the years under review this could
be as a result of a large humber of cars on the roads of the states under review. Buses contributed
second highest followed by motorcycles and lorries. The trend also showed a progressive increase in the
emission from virtually all the automobile from 2004 to 2007 this could be as result of a progressive
increase in the number of this automobile as the year progressed.
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Figure 2. CO, Emission from each State of Figure 2. CO; from all automobile on the road in
Nigeria Nigeria

4. Conclusion

The work focused on estimation of emission rate of CO, from road transport system in the some
selected state of Nigeria between the years 2004 to 2007. The result showed the emission CO; is a
function of the population of the automobile in the road. Lagos state contributed highest total emission
rate of CO, with 11 6007 706.2 ton/annum in the years under review while Cross river State contributed
the lowest emission of 1 170 712.9 ton/annum. Also, motor cars contributed the highest emission of CO;
of 6 720 036.462 ton/annum to the ambient environment in the years under review while lorries
contributed lowest of 927 541.18 ton/annum. The work provides an insight into the contribution of road
transport system into the ambient level of CO, and as such help in putting in place an appropriate
mitigation measure for this emission.
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Abstract

This study presents a quantitative method for the characterization of static measure of the
heterogeneity of reservoirs of a field in the Coastal Swamp Depobelt, Niger Delta, using Lorenz coefficient
(LC). The understanding of reservoir heterogeneity and fluid flow channels enables proper prediction
of hydrocarbon recovery from the field. Lorenz curve was obtained using the petrophysical model to
generate the permeability-porosity and normalization of the flow capacity (kh) and storage capacity
(oh). Then, the Lorenz coefficient was calculated as the area between the curve and the diagonal, and
it was used quantitatively to identify levels of heterogeneity in the reservoirs. The results show good
porosity of 0.21-0.32v/v and permeability of 4,381.66-94,084.98mD. There is significant spatial
heterogeneity in the reservoirs with a Lorenz coefficient (LC) of between 0.6464 and 0.9400 for Res
1-A, 2-A, 3-A and 3- of all the 3 wells and fairly heterogeneous reservoir areas with Lorenz coefficient
of between 0.3770 and 0.2430 in Res 1-B, C, D for well-1, Res 2-B, C, D, for well-2 and Res 3-B, C for
well-3. The Lorenz coefficients show that most of the reservoirs are fairly heterogeneous, hence,
enhances the overall hydrocarbon recovery potential of the reservoirs. The findings from this study
have important implications for the variability of fluid flow and possible management decision on the
hydrocarbon recovery of the field.

Keywords: Reservoir heterogeneity; flow and storage capacity; Lorenz coefficient.

1. Introduction

Reservoir heterogeneity has long been recognized as an important factor governing
reservoir performance [11. In many cases, the predicted performance of a reservoir is so
completely dominated by irregularities in the physical properties of the formation that the
assumption of a particular form for the variation can reduce the solution of the problem to
mere exercise [21, The property normally considered when referring to heterogeneity is that
which controls flow (i.e., porosity, permeability). Several kinds of literature existed both theo-
retical and field studies on the impact of this heterogeneity on reservoir quality [3-71, Most of
the described techniques are required to assess and mitigate its effect on reservoirs. The
theoretical studies, however, enable awareness of the adverse effect of heterogeneity and also
provide some techniques for applying the result obtained to situations of immediate interest
notwithstanding the fact that each reservoir is uniquely heterogeneous. The uniqueness of
each reservoir, however, does not necessarily prevent the heterogeneity studies either but
the essence of such (e.g., this study) will be to identify the features which impact the
performance and quantitatively define their levels. This study, however, focuses on the static
measure of heterogeneity for the reservoirs of a field in the Coastal Swamp, Niger Delta (Fig. 1),
using the Lorenz coefficient. Obtaining the Lorenz coefficient involves the use of a mathe-
matical model of reservoir properties (porosity-permeability), determined from well logs to
evaluate the degree of heterogeneity in a pay-zone section and to identify its possible effect
on hydrocarbon recovery. The research will serve as a guide in reservoir management decision
when the degree of heterogeneity is known for a particular reservoir in the field.
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2. Geological setting and stratigraphy

The Niger Delta clastic wedge spans a 75,000 km? in southern Nigeria and is located at the

Y-
. o

NIGERIA

apex of Gulf of Guinea, offshore Nigeria (Fig. 1).

It lies between latitudes 3° and 6°N and
longitudes 5° E and 8°E. It is made up of
an overall regressive clastic sequence
that reaches a maximum thickness of
30,000 to 40,000ft (9000 to 12,000m) 81,
Stacher [®1developed a hydrocarbon ha-
bitat model for the Niger Delta based on
sequence stratigraphic method. The
Tertiary deltaic complex was divided into
three major facies units based on the
dominant environmental influences [10],
These sedimentary environments are
the continental environment, the transi-
tional environment, and marine environ-
ment. In an advancing delta, such as the
Niger Delta, sediments of the three envi-

Fig.1. Map of Nigeria showing the location of the sty

area in the Niger Delta (Modified from Ejedawe [181)

ronments mentioned above become stra-
tigraphically superimposed and its stra-
tigraphic sequence is represented by ma-

rine shales. The middle part of the sequence is represented by interbedded shallow marine
and fluvial sands, silts, and clays which are typical of a parallic setting. The sequence is capped

by a section of massive continental sands.

The three main lithostratigraphic units in the subsurface of the Niger Delta are known as
the Akata, Agbada and Benin formations (Fig. 2) decrease in age basin ward, thereby reflecting
the overall regression of depositional environments within the Niger Delta.
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Fig. 2: Regional stratigraphy of the Niger Delta
showing different formations (after Ozumba [97)

The Akata Formation is interpreted to be
deep water low stand deposits by Stacher [9],
It is estimated to be 21,000 ft thick in the
central part of the clastic wedge [111, Marine
planktonic foraminifera make up to 50% of
the microfauna assemblage and suggest
shallow marine shelf deposition that ranges
from Paleocene to Recent [*1l, The onshore
equivalent of this formation is exposed as
the Imo shale. The formation also crops off-
shore in diapirs along the continental slope
where deeply buried marine shales are typi-
cally over pressured. Agbada Formation over-
lies the Akata and it occurs throughout the
Niger Delta clastic wedge with a maximum
thickness of about 13,000 ft. The lithologies
consist of alternating sands, silts and shales
arranged within ten to hundred feet suc-
cessions defined by progressive upward chan-
ge in grain size and bed thickness. The strata
are generally interpreted to have formed in
fluvial-deltaic environments and ranges in
age from Eocene to Pleistocene. The Benin
Formation is the top part of the Niger Delta
clastic wedge, from the Benin-Onitsha area
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in the north to beyond the coast line [191, The top of the Formation is recent, sub aerially
exposed delta top surface and its base extends to a depth of 4,600 ft. The base is defined by
the youngest marine shale. Shallow parts of the formation are composed entirely of non-
marine sand deposited in alluvial or upper coastal plain environments during progradation of
the delta [*11, Although lack of preserved fauna inhibits accurate age dating, the age of the
formation is estimated to range from Oligocene to Recent [10],

3. Materials and methods

In this study, a suite of well logs from three wells (Fig. 3), of a field in the Coastal Swamp,
Niger Delta was analyzed using PETREL and Mat lab software.

Well 1 [SSTVD] Well 2 [SSTVD] Well 3 [SSTVD]
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Fig. 3. Correlation panel for Wells 1, 2 and 3 in a dip section

The petrophysical characteristic of the reservoir was evaluated using the suite of well logs
(i.e., neutron, density, gamma ray, resistivity, etc.) to calculate the porosity and permeability [12],
which are the major parameters required to assess the quality of the reservoir and its
heterogeneity. The stile plot is one of the most commonly used techniques for measuring the
static heterogeneity. To achieve this, the product of the representative thickness (h) and the
permeability (k) was arranged in descending order alongside the corresponding product of
representative porosity (¢) and thickness (h) for a reservoir. The cumulative of the product
(kh) was normalized (between 0 & 1) known as a fraction of the total flow capacity (F). A
similar normalization was performed on the cumulative values of M and the result is known
as a fraction of total storage capacity(C). A plot of F against C gives the Lorenz curve.

_ SR, kh
F=2 o h 1)

C = ?=1®h/ (2), where 1<n<N
>N, @Bh '

The curve was made to pass through (0, 0) and (1, 1). The Lorenz coefficient was then
calculated using 2 multiplied by the area between the curve and the diagonal. This area was
computed by integrating the curve.
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4. Results and discussion
4.1. Well-1(5,500 -10,500ft)

The results show that four reservoirs (1-A to 1-D) were delineated from well-1. Reservoir
1-A has a gross thickness of 1459ft between 5385.5ft to 6844.5ft, with a net thickness of
1082ft (Table 1).

Table 1. Average petrophysical properties and Lorenz coefficient evaluated for Well-1 Reservoir

Res.  _Depthinterval (M) et thick-  IGR  vsh Sw o Sho o amtenz
' Top Base  ness, (ft)  (API)  (v/v) Ty () (LC)

1-A 5385.50 6844.5 990.00 0.23 0.13 0.25 0.10 0.89  18880.53 0.6286
1-B 7272.50 7776.0 404.50 0.30 0.14 0.23 0.26 0.74 7627.83 0.3532
1-C 7942.00 8566.0 376.50 0.36 0.20 0.21 0.29 0.71 6443.27 0.3498
1-D 9328.50 9431.0 102.50 0.18 0.06 0.26 0.30 0.70 7823.27 0.2491

The average volume of shale (Vsh) of the reservoir is 0.13v/v decimal indicating dirty sand
zone [13], Its average effective porosity (¢,.) is 0.244v/v which indicates a good reservoir for
hydrocarbon accumulation [*4], The reservoir is predominantly (~90%) hydrocarbon saturated
and 10% water saturated. An average permeability value of 18880.53mD suggests excellent
connectivity for fluid to flow in the reservoir. The Lorenz coefficient value was estimated to be
0.6286 (Table 1), which shows high heterogeneous reservoir. Also, an observed modified
Lorenz plot (MLP) shows substantial separation between the storage and flow capacities
(Fig.4a & b), which indicates that all pores are not contributing to flow within the reservoir interval.

a 1 i
b Meodified Lorenz Plot
0.9
=12
208 &
° ®
gor g1
Vv
.g: 0.6 Hos
F0S &
8 0.6
- 5
§ 03 304
E k=
202 Y02 # storage capacity
014 l: W flow capacity
g 0
0 Y 3 % : 1B 0 2000 4000 6000 8000
0 0.2 0.4 0.6 0.8 1
Fraction of total storage capacity Depth
c' B dified |
. Modified Lorenz Plot
09 &
£03 912
ap7 %
=07 v 1
%05 i
508 0.8
Zos g
g & 0.6
S04 e
9 “04
£03 ; @ storage capacity
S, =02 Bflow -
E, f>_' ow capacity
0 E 0
3
T g 7200 7300 7400 7500 7600 7700 7800 7900
b 08 1
i Depth
Fracion of tol sorage capacity

Fig. 4. Lorenz plot and modified Lorenz plots for Well 1: Reservoir 1-A interval (5385.5-6844.5ft) - (a)
Lorenz plot (b) modified Lorenz plot; Reservoir 1-B interval (7272.5-7776.0ft) - (a) Lorenz plot (b)
modified Lorenz plot
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The high heterogeneity of this reservoir has great potential to affect hydrocarbon recovery,
possibly causing production of water before the predicted time. Reservoir 1-B has a net
thickness of 404.5ft (7272.5-7776.0ft) with an average shale volume (Vsh) of 0.142v/v (Table
1). Although the sand is shaly, it is also within the acceptable limit of clay in the reservoir [13],
Its average effective porosity of 0.23v/v decimal and average permeability of 7627.83mD
suggests good pore volume with excellent fluid flow system. The reservoir is dominantly
hydrocarbon saturated with little water (~26%) saturation. Estimated Lorenz coefficient of
0.3532 shows that the reservoir is slightly heterogeneous and can easily be ignored.
Additionally, a quick look at the MLP indicates an overlap between the flow and storage ca-
pacity (Fig.4c & d), which shows that all the pores are contributing equally to flow within the
reservoir interval [151, Reservoir 1-C has net thickness of 376.5ft (7942-8566ft) with an
average shale volume (Vsh) of 0.2v/v decimal (Table 1), which is above the limit of 15% that
can affect the water saturation value. The average effective porosity and permeability are
0.21v/v and 6443.27mD indicate good reservoir. Average hydrocarbon and water saturations
are 71% and 29% respectively indicates shows that the reservoir is predominantly
hydrocarbon. Its Lorenz coefficient value of 0.3498 suggests that the reservoir is slightly
heterogeneous.
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Fig. 5. Lorenz plot and modified Lorenz plots for Well 1: Reservoir 1-C interval (7942.0-8566.0ft) - (a)
Lorenz plot (b) modified Lorenz plot; Reservoir 1-D interval (9328.5-9431.0ft) — (a) Lorenz plot (b)
modified Lorenz plot

4.2. WELL-2 (5,500 -11,000ft)

In this well, four reservoirs (2A-2D) were delineated (Table 2). Reservoir 2-A is 506ft net
thick (5895-6472ft) with an average shale volume (Vsh) of 0.2v/v indicating shaly-sandstone.
The average effective porosity and permeability of 0.32v/v and 9408.9mD respectively are
quite high and excellent despite the high volume of shale.
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Table 2. Average petrophysical properties and Lorenz coefficient evaluated for Well-2 Reservoir

Res. _Depthinterval () netthick- IGR  vsh  ,  Sw  sh ) e
' Top Base  ness, (ft)  (API) (v/v) o) () (LC)
2A 58950 64720 577 022 011 032 0.15 085 9408498  0.7245
2B 6729.0 7009.0 280 033 016 021 031 069 4508.89  0.3472
2-C 71345 7482.0 348 035 0.8 021 0.34 0.66 534738  0.3499
2D 7944.0 80555 1125  0.29 0.14 0.2 _ 0.36 _ 0.65 _ 4381.66 __ 0.2984

This suggests that the clay type/form is not those that can reduce pore volume but might
create baffles that can reduce both vertical and horizontal flows [171, The Lorenz coefficient
value of 0.7245 for the reservoir indicates highly heterogeneous sand (Fig. 6a & b).
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Fig. 6. Lorenz plot and modified Lorenz plots for Well 2: Reservoir 2-A interval (5895.0-6472.0ft) - (a)
Lorenz plot (b) modified Lorenz plot; Reservoir 2-C interval (7134.5-7482.0ft) - (a) Lorenz plot (b)
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Similarly, the modified Lorenz plot (MLP) shows strong separation between the storage and
flow capacity. These results apparently show that the pores are not uniformly contributing to
the flow system [*5]1 hence has a high effect on hydrocarbon recovery over time. Average
hydro-carbons and water saturations are 85% and 15% respectively which shows that the
reservoir is dominantly hydrocarbon saturated. The net thickness of reservoir 2-B is 205ft
which occurs at a depth interval of 6729-7000ft (Table 2). The volume of shale (Vsh) is 0.16v/v
which is a little above the limit of 15% that can affect the water saturation value [*3], The
reservoir also has an effective porosity of 0.21v/v and permeability of 508.89mD, which
indicates good reservoir quality for hydrocarbon accumulation and production. Hydrocarbon
and water saturation of 69% and 31% respectively were computed for the reservoir. Lorenz
coefficient value was also calculated to be 0.3472, an indication that the reservoir is slightly
heterogeneous with the minute rate of spreading.

Reservoir 2-C was delineated between 7134.5ft and 7482ft with a net thickness of 227ft
(Table 1). The average volume of shale (Vsh) is 0.179v/v indicating a sand shaly zone. The
average effective porosity of 0.21v/v shows good reservoir quality (Table 2). Also, the
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permeability obtained for the interval is 5347.38mD, which shows an excellent reservoir for
hydrocarbon production. The reservoir is relatively hydrocarbon filled with a saturation of
0.66v/v. Its Lorenz coefficient value of 0.3499 indicates a low level of heterogeneity (Fig. 6¢c &d).
The deepest reservoir (2-D) has a net thickness of 88.5ft (7944-8055ft) with shale volume
(Vsh) of 0.14v/v. The average effective porosity and permeability are 0.22v/v and 4382.66mD
respectively (Table 2); with hydrocarbon saturation of 0.65v/v (65%). The reservoir is slightly
heterogeneous with Lorenz coefficient value of 0.298. The MLP shows overlapping between
the flow and storage (Fig. 7a & b); capacity indicating that all the pores are contributing
equally to flow with an encouraging prospect that will enhance smooth hydrocarbon recovery.
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Fig. 7. Lorenz plot and modified Lorenz plots for Well 2: Reservoir 2-D interval (7944.0-8055.5ft) - (a)
Lorenz plot (b) modified Lorenz plot

4.3. WELL-3 (5500 -11,000ft)

In this well, four reservoir units were also delineated from Reservoir 3-A down to 3-D (Table 3).
Reservoir 3-A occurs at depth 7061-7620ft with a gross and net thickness of 559.5ft and
483.5ft respectively. The average shale volume (Vsh) content is 0.16v/v, having an effective
porosity of 0.26v/v. Also, the estimated permeability for this unit is 21799.17mD. The
porosity-permeability values are good despite the marginally high value of the shale volume.
Also, the Lorenz coefficient value of 0.6464 shows a high degree of reservoir heterogeneity;
indicating high variability of flow performance. Also, the modified Lorenz plot (MLP) shows
separation between storage and flow capacity (Fig. 8a & b), which is a confirmation that the
reservoir is highly heterogeneous, hence, all the pores are not contributing to flow.

Table 3. Average petrophysical properties and Lorenz coefficient evaluated for Well-3 Reservoir

ﬁgs' Depth interval () net Thick-  IGR ~ Vsh Sw  Sh o Co'g;;iec?:nt
' Top Base ness, (ft) (API)  (v/v) ‘ (v/v)  (v/v) (L)
3A 7061.0 76200 _ 559.5 0419 0.16 0.26 031 069 21799.17  0.6464
3-8 7698.5 7995.0  296.5  0.221 0.10 0.24 0.35 0.65 6077.31  0.3039
3-C 8519.0 8607.0 88.0 0410 0.21 0.22 0.34 0.66 7456.62  0.3369
3-D 8913.0  8988.5 75.5 0.415 020 0.4 0.05 0.95 27263.86  0.5103

Nevertheless, the reservoir has substantial hydrocarbon saturation of 69% with minimal
water. The second reservoir unit (3-B) has net thickness of 256.5ft with an average shale
volume (Vsh) of 0.1v/v which is within the negligible value that could affect water saturation.
The reservoir has an average porosity is 0.24v/v and permeability of about 6077.31mD, which
indicates good quality reservoir that can contain and transmit fluids homogenously. The
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reservoir’'s good quality is also confirmed by the Lorenz coefficient of 0.3039 (Fig
which indicates low level of reservoir heterogeneity.
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Reservoir 3-B is mainly hydrocarbon filled with an estimated hydrocarbon saturation of
65% against 30% water saturation. Also, the Reservoir 3-C has a net thickness of 61ft and
an average shale volume (Vsh) of 0.21v/v indicating a shaly sand zone. Reservoir quality of
the unit is relatively good with its porosity-permeability values as 0.22v/v and 7456.62mD
(Table 3). Lorenz coefficient value 0.3369 shows the reservoir to be slightly heterogeneous
and can be ignored because its effect on reservoir performance is minimal. The modified
Lorenz plot (MLP) also shows slight separation between the storage and flow capacities (Fig.
9a & b), which confirms that the pores are relatively contributing to the flow. An average
hydrocarbon saturation of 66% shows that the reservoir is dominantly hydrocarbon saturated
(Table 3). The deepest reservoir in well-3 (3-D) has net thickness of 47.5ftwith an average
shale volume (Vsh) of 0.21v/v and average effective porosity of 0.24v/v. It also has an
excellent permeability of 27263.86mD and is dominantly hydrocarbon filled with 95%
hydrocarbon saturation. The Lorenz coefficient value calculated is 0.5103 (Table 3), which
indicates a relatively high level of reservoir heterogeneity. On the other hand, the modified
Lorenz plot (MLP) shows separation of the storage and flow capacities (Fig. 9c & d), which
indicates relatively high variability of the flow performance, thereby, increasing the risk of
water production before the predicted time.

5. Conclusions

The degree of static reservoir heterogeneity of three oil wells has been effectively studied
using the Lorenz coefficient derived from Lorenz and Modified Lorenz Plots. The results indicate
that the reservoirs’ heterogeneity ranges from significant to fair. Significant heterogeneity
occurs in the reservoir (1-A, 2-A, 3-A, and 3-D) of all the three wells. The rest of the reservoirs
studied are fairly heterogeneous; which including Res1-B, C, D for well-1, Res 2-B, C, D, for
well-2 and Res 3-B, C for well-3. It implies that the reservoirs with a high degree of
heterogeneity have a greater number of baffle zones with non-homogeneous pore
contributions, giving rise to a steady shallow decline in production. On the other hand, those
with a fair level of heterogeneity have a greater number of speed zones (flow units) that
constitute greater contribution from the numerous pores which are associated with ling time
dominance with production. Thus, hydrocarbons production over a long time can be steadily
sustained from these baffles, which usually have shallow production decline as compared to
the speed zones with a sharp decline. This study guides in the accurate design of reservoir
simulation, apart from capturing the reservoir heterogeneity, which is a major factor that
affects oil recovery.
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Abstract

Asphaltene precipitation in the porous environment is one of the important problems that redeuces the
oil reservoir's productivity. In this work, we re-visited several experimental works which have been
designed and performed to obtain the permeability declination in a slim tube. By using a slim tube
packed with glass beds as a synthetic porous medium and under different conditions this modeling has
been performed. At different temperatures, various injection rates and oil to solvent volume ratios
studied under different flood test experiment. In this study, single phase flow of oil in the slim tube
using a dynamic pore scale network model was simulated, and a mathematical model was developed
for matching an experimental data. The results obtained from various simulations of network model
were compared to those data which have been achieved experimentally. The current model is based
on the theory of deep bed filtration as well as an introduction of the relationship of initial and damaged
permeability as a function of porosity change which was caused by deposition of asphaltene on the
experimental setup. To simulate the porous medium under the experimental condition in order to
estimate the value of the inclination of permeability. There is a good agreement between obtained
experimental data and model results which shows the quality of the model.

Keywords: Asphaltene precipitation; Slim-tube; Permeability reduction; Porosity; Network model.

1. Introduction

Asphaltene precipitation and deposition can be decreased by means of different processes
(mechanical, electrical or chemical) which are capable of elimination or decreasing colloidal
particles leading to asphaltene deposition [11, There are plenty of experimental efforts regar-
ding asphaltene precipitation and deposition. Developed models with respect to asphaltene
precipitation prediction can be categorized into two main groups of scaling rules and thermos-
dynamic studies [1].

Network based models consider the connectivity to represent the macroscopic level of the
porous medium with acceptable results. Consequently, to calculate the macroscopic properties
of the network, Percolation theory needs to be employed [2],

The earliest works on this subject [34] determined algorithms in 2D or 3D networks of the
porous medium. The models are capable of simulating the porosimetric curves, which apply
the theory of percolation to calculate the absolute permeability.
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There are available literature works [51 that include phase saturation calculation and relative
permeability in the multiphase flow. The established algorithm cannot satisfy the relative
permeability and saturation as it does for absolute permeability.

Leontaritis [61 developed an asphaltene near-well formation damage model to investigate
the degree of formation damage resulted from deposition of asphaltene considering the time
and the effect of asphaltene deposition on hydraulic of near wellbore region as well as wellbore
itself.

Pore scale network model developed by Blunt et al. [71 is suitable for asphaltene precipi-
tation simulation of two-phase flow. They used the experimental data obtained for the relative
permeability of oil and water. In addition, it consists of some results for capillary pressure
obtaining from network model. They treated the mentioned data with a BOAST simulator (a si-
mulator of black oil in three phase, three-dimensional environment) which is developed and
released by US energy department.

Current work includes a network model employed which aims to simulate asphaltene
deposition effect on absolute permeability at the micro scale. In this model, flow through the
pore bodies is assumed laminar. It represents a linear response between flow and pressure
drop from a pore to the throat. Accumulation of the fluid inside a single element is neglected
which shows the inability of the model to capture all of the effects including unusual behavior
in higher Reynolds numbers. The driving force to move the fluid from pore to throat is consi-
dered to be the pressure difference between the throat and pore centers.

1.1. Asphaltene precipitation fundamentals in a porous environment

The three main sources of colloidal particles in crude oil, which can initiate the asphaltene
deposition, are as follows:
1. Contamination of the system during injection of the fluids to the reservoir, work over and
the methods which are prevalent in recovery interests.
2. Incompatible materials injected into the reservoir, can interact with rock and mobilize the
forming particles.
3. Chemical reactions, as well as organic and inorganic precipitation, can produce particulates.
Four initial mechanisms to migrate the several fine particles along with the flow of the fluid
are as follows: [8-91: penetration, adsorption, precipitation and sedimentation,and Fluid forces.
Asphaltene deposition near to the wellbore can be caused by different parameters inclu-
ding filtrate with high pH and injecting the fluid with low surface tension (e.g., diesel, light
alkanes C5-C6 and gas condensates) to the reservoir [0, During the acidizing process, low
pH acids can form which would probably help forming asphaltenic or paraffinic sludge [°],
During petroleum production process, organic deposits can form in the different parts of
the plant including reservoir, pipelines, and well. Asphaltene, wax, and resins are the typical
and primary sources for the sediments. For the organic sediments, the upper section of the
producing well is favorite parts to start deposition. As the asphaltene forms, pressure would
drop to below asphaltene fluctuation point, and this will guide the deposition process toward
the next parts of the well. This gradual progress would continue until the organic sediments
reach to the wellbore and start to form in that zone [*1], Especially, in the reservoirs, which contain
large specific area clays (e.g., kaolinite) the initial adsorption and retaining of the polar resins
and asphaltenes are very quick [*11, Consequently, molecular deposits (multi-layer arrange-
ment) will sediment close to the surface area of the pores [12] Regardless of the large
aggregate size of the formed asphaltene from suspended sediments in the oil phase, it is
impossible for them to pass the pore and they will trap inside the throat [*1], Plugging in the
pore throat intense problem on permeability as it closes the passages between the throats.
The blockage will intensify the in-situ cake growth under very small remaining flow in to the
jammed zone.
Because of deformability and stickiness of the deposits, they normally make sealing on flow
constrictions. However the pore space is not completely blocked, it leads to diminishing the
flow path conductivity [13-16]1 | eontarities [6] emphasizes the asphaltene deposition as the ini-
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tial cause of the organic damage. The organic deposition will probably widen the rage of its
effect by growing toward the wellbore which more noticeable during the miscible recovery.
The deposition initiated from wax deposition does not extend more than 0 to 1 feet, which
occurs from pressure loss and cooling the oil during the production of oil.

Minssieux [*11 jllustrated the same behavior of permeability reduction caused by colloidal
particle immigration while there is a running injection of the brine. He conducted several
experiments on different porous media, which led to the aforementioned results. Therefore,
to study and interpret the obtained results from the tests, a different model was employed to
investigate the data. Because of the lack proper experimental data in this regard, it is neces-
sary to conduct experimental studies using different particulates including water and polymers
to investigate the mechanism in association with asphaltene deposition in the porous environment.

1.2. The physics of permeability damage

Roque et al. 171 conducted comprehensive experiments on Quartzite porous stone and prior
to measurements characterized the sample very well. With an aim to investigate the effect of
different parameters including operating parameters, flow rate, concentration and particle size
on the permeability of the porous medium was investigated. The obtained result shows the
importance of those parameters especially due to the deep condition that precipitation needs
to be considered. The results are briefly provided in Figures 1 and 2. In Figure 2, the dashed
line shows the effect of initial concentration on the concentration of the particles. The solid
lines represent the effect of permeability ratio on sedimentations. Experiments have shown
that in sole phases, the particle retention is independent of its total effect on permeability.
Considering permeability declination and deposition mechanism, the most important
parameters are of the particle location as well as deposition kinetics. Further investigations
have shown that the reduction of the permeability is highly dependent on the mechanism of
the specific particle deposition.
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Fig. 1. Inter-pack damage mechanisms [171  Figure 2. Phases of fines damage process and relative effects
on permeability [17]

1.2.1. Particle surface precipitation

In surface precipitation, the deposition site is surface of the grain/pore. The difference of
the electrostatic charge between the surface of the pore and particle, the texture of the pore
surface and chemical properties and concentration of the pore play the main roles on the
kinetics of the deposition process on the surface of the pore. Reduction of the permeability
would be significant only if the deposition on the surface of the pore initiates on the throat of
the pore.
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Therefore, the effect of throat sediments fractions is more important than their quantity on
permeability reduction. If the suspensions flow rate is stable, the surface deposition will
become strictly mono layer due to strong repulsion between almost static particles. For this
phase, the monolayer deposition would occur if the opposing energy of aggregation is high.
Due to the results of experiments as well as theoretical sources, it can be concluded that the
deposition on the surface has a minor effect on permeability reduction which is denoted in
Figures 1 and 2. Small size particles (e.g., clay-size and colloidal) are the favorite species to
follow the surface precipitation mechanism as the large particles are not available [18],

1.2.2. Bridging of pore throat

Bridging of pore throat is an issue as the particle makes bridge while attempting to pass
the pore throat (shown in Figure 2). Bridging would be in either way of two particles (depo-
sition of a flowing particle on a previously deposited particle) or three particle bridging
(bridging of a flowing particle on two formerly deposited particles). Another condition, which
can initiate the blockage, is a larger particle diameter in comparison with pore diameter.
Obviously, it would possibly bridge with the mechanism of one particle bridging. Forming the
bridge would block the pore throat leading to accumulation of the new arriving particles. It
would decrease the flow rate in the result. The most significant permeability reduction belongs
to this phase (as shown in Figure 2).

1.2.3. Internal cake formation

After bridging the throat to the critical state, it is not functioning in the network of the pores
in the depth of damage. Thereafter, accumulation would intensify inside the pore throat and
will infect the bodies of the connected pores to the flowing particles leading to initiation of the
filter cake within the zone (as shown in Figure 1). The system permeability is controlled by
the permeability of the damaged region and its depth. A rapid decrease in particle concen-
tration of the downstream is an indicator of internal cake formation (denoted in Figure 2). Small
particle distribution and concentration are the main factors influencing the amount of the da-
mage on permeability.

\/\J Hydrodynamic
mobilization
[ ]

- - Colloidal expulsion

Surface deposition

Pore throat plugging

List of parts:
1. Displacement pump No.1 10. Heating and temperature control
2. Displacement pump No.2 unit
3. Liquid container No.l 11. Mixer
4. Liquid container No.2 12. Down-stream pressure gauge
Tnternal cake formation 5. Liquid container No.3 13. Sight glass
by small particles 6. Vacuum pump 14. Back pressure valve
7. Up-stream pressure gauge 15. Outlet
8. Oil bath 16. Air bath
9. Slim tube
Internal and external cake
formation
External cake formation
by large particles
Fig. 3. Varions particulate processes [23] Fig. 4. A schematic diagram of the experimental setup
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1.2.4. Formation of the external cake

Right after internal cake formation, the accumulation would move into the upstream and
initiate the external cake formation (illustrated in Figures 2 and 3). Figure 3 shows the process
of several particulates schematically.

2. Experimental section [22]
2.1. Materials and apparatus

By conduction of several experiments on synthetic porous medium, this phenomenon was
studied. The main effort was to simulate the reservoir condition which includes high
temperatures and pressures. The equipment is shown in Figure 4. It is made of a slim tube,
situated inside an oil bath, a pump to evacuate the cell, and a pump to pump the liquid, a
vessel to transfer the fluid, a transparent slim tube to monitor the behavior of the stream
which is equipped to a jacket. The experimental equipment consists of a slim tube placed
inside an isothermal oil bath, vacuum and liquid pumps, fluid transfer vessels; transparent
capillary with a heating jacket that eases the monitoring while the fluid passes the tube, a
regulator for the pressure, an oil collection flask, fittings, pipes and pressure gauges.

The mentioned tube is similar to the Ruska tube, which is suitable for determination of the
quantity of the damage on permeability. It is a narrow tube made of stainless steel wrapped
with a coil. External and internal diameters are 7.9 and 6.2 mm, respectively and coiling
diameter is 200 mm. The tube is 18.3 meters long, which is packed using round glass packing.

The approximate porosity of the medium is 27%, and the absolute permeability is 4.93x1012
m? (equivalent to five Darcies). The approximate pore volume of the system is 150 cm?.

The isothermal bath with a volume of 60 liters, is controlled by a temperature controller
which is adjustable either using a computer or manually. It can reach to 175°C. There is a
designed duct to hold the circulating mixer and heating element to help to mix the fluid
thoroughly and the equipment free from the bath with a space between them. The bath is
equipped with an adjustable outlet, and inlet valves of the slim tube are connected to the top
side of the bath. The tube is placed in a way that the whole tube is submerged into the bath
to have a uniform temperature distribution. Downstream of the tube is connected to the
transparent capillary that can hold up to higher pressures. It is equipped with a heating jacket
to facilitate the monitoring of either one or two phase flow passing the tube.

Two pressure gauges are located in down and upstream sides of the tube to observe the
pressure. To control the pressure, a backpressure regulator is placed, and thereafter the oil
can be flashed to the atmospheric pressure. The pressure of the upstream can be monitored
by employing a pressure gauge (the same regulator is connected to the downstream side).

The pumps are made of the cylinder-piston frame which can contain 500 cm3. Its flow rate
range can be varied between 1 to 2000 cm3/hr. The pump has two cylinder and piston
configuration (capacity of each cylinder is 500 cm3). It operates up to 70 MPa which can work
in either way of manual or computer adjustment.

The material is a crude oil sample from an oil field in the southern part of Iran. It was kept
in laboratory condition for quite an appropriate period of time (3 months) to get rid of volatile
components and reach a stable composition. Specifications of the sample are provided in table 1.
Its gravity index is 20°API (heavy oil) with asphaltene content of 11-weight percentage. To
eliminate the possible impurity produced together with crude oil such as sand and clay, it is
filtered using Wattman number 42 standard filtrate. As a precipitant, n-heptane was used in the
experimentals, and the measurement method to capture the deposited quantity was the gravi-
metric method.

2.2. Experimental method

There are two main experimental methods, which include:
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2.2.1. Preliminary activities

These series of activities consist of washing, drying and evacuating the tube, filing the

vessel with fluid to transfer it, measurement of the pore volume, system behavior investi-
gation, and measurement of the permeability and eventually applying the Carman-Kozny equation
with respect to porosity calculations.

Table 1. Composition and characteristics of the crude oil [1r21,22]

Component Mole Property

. Value

fraction
H,S 0.192 Reservoir Oil MW (g/gmol) 156.67
Nitrogen 0 Test temperature (F) 225
CO» 2.204 MW C7+ (g/gmol) 316.49
Methane 26.945 SG Cr+ 0.9272
Ethane 8.008 Density of reservoir fluid @ Pb (g/cc) 0.7646
Propane 6.426 Bubble point pressure (psia) 1890
i-Butane 1.134 Asphaltene content in stock tank oil, wt% 11
n-Butane 3.682
i-Pentane 1.742
n-Pentane 2.233
Hexanes 4.202
Heptanes. 43.212

2.2.2. Flooding experiments

The effect of the different parameters such as injection rate, temperature, permeability

reduction and oil ratio was investigated by conducting series of experiments (flooding
experiments). The precipitant was n-heptane in all of the flooding experiments in a porous
medium. One of the objectives of the measurements was designed based on using Darcy’s
equation which requires low Reynolds number. Therefore, the rate of injection was taken
equivalent to the Reynolds number of unity into the porous medium.

The preliminary activities were undertaken with the aim of concluding the operational

conditions of the porous medium for the flooding tests. The flooding test can be done following
the steps of:

1.

Filling the vessel of the fluid transfer with the oil (filtered oil) and same for the other vessel
with n-heptane.

2. To connect the top valves of the vessels to each other using a T-junction connection.
3.

Connecting the pumps to both vessels at the desired flow rate and running the vacuum to
evacuate the vessels from unwanted impurities such as air and moisture.

. Connecting the T-junction (free port) to the evacuated porous medium’s inlet. Note that

the valve should be closed.

. Introducing the fluids and mixing them should start. Activating the pump while the the

valve of the porous medium is opened (note that it should be simultaneously). After his
point, time for any action needs to be recorded.

. Recording the entrance valve pressure after the proper fixed amount of time (for example

2 minutes). Passing the mixture through the porous environment. The injection should be
continued up until the time that the filled volume reaches to 150 cm3 (one pore volume).
The indication of the filled pore volume is pressure rising. This is the point that the outlet
valve needs to be opened and consequently, inlet pressure starts to decrease, and in a very
short time, it reaches to equilibrium condition (steady state). Asphaltene starts to deposit,
and it increases the pressure of the medium. A sample of 10 cm3 is taken as soon as the
level of the mixture increases to the out let valve (time step of 10 minutes). After passing
the 600 cm? from the tube (equivalent to four pore volume), the sampling would need to
stop. The highest allowed pressure to minimize the safety problems is 28 MPa.

. Step 6 shows the quantity of the deposited asphaltene.
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To calculate the pore volume or permeability versus time, it is demanded to use Darcy’s
law to treat measured data from step 6. The permeability dependence on different parameters
can be investigated by following this approach which can determine the level of the damage
which is resulted from asphaltene deposition. It is possible to calculate the time dependent
concentration of the asphaltene in the final product using data from the latest step (step 7).
The operational conditions for the experiments are listed in tables 2 and 3.

Table 2. Input parameters (test conditions) [, 21, 22]

Parameters Test #1 Test #2 Test #3 Test #4 Test #5 Test #6
Flow rate, (cm3/hr) 60 30 30 60 90 30
Concentration of n-C7in the mixture, (%) 40 40 60 50 40 50
(C\f’onlc/f/”otlr";‘t'on of asphaltene in the mixture, (54119 0.001811 0.003066 0.002462 0.001811 0.002462
Mixture density, (g/cm3) 0.808 0.808 0.77 0.79 0.808 0.79
Asphaltene density, (g/cm?3) 1.1 1.1 1.1 1.1 1.1 1.1
Mixture viscosity, (cP) 1.1 1.1 0.59 0.71 1.1 0.71
Total length of porous medium, (cm) 1828.8 1828.8 1828.8 1828.8 1828.8 1828.8
(Ccrr?fzi'sed'o” area of porous medium, 0.30 0.30 0.30 0.30 0.30 0.30
Temperature, (°C) 90 90 90 90 90 90

Table 3. Selected Oil and asphaltene properties [1r 21, 22]

Property Value Property Value
Asphaltene
Flow Rate 60 cm?3/hr concentration, 0.0024
(vol/vol)
Viscosity 0.79 cP Oil density 0.79 g/cm3
Temperature 90°C

3. Methodology
3.1. Network and pore geometry

Representation of the porous medium includes a lattice of throats and pores which is
arranged rectangularly as the solid blocks are connected to a layer of pores. Circular shape in
the cross sectional view are indications of throats and pores. Each pore includes different
branches showing the connected throats and their extensive effect on the network. Weibull [19]
showed that the distribution of the pore radius lays within a random interval and which be
calculated using the following equation:

a1 AN
Rr Z(Rtmax _Rtmin)x[_aln(z(l_eaJ+ea}:| +Rtmin (1)

where Rt and z denote throat radius and a positive random number smaller than unity,
respectively. Other parameters (a and ) are the statistical constant. The pore radius should
not be smaller than largest radius of the throats which can be calculated as follows:

R, =max{R, [i=1..,n jxf (2)

where n and f (f 21) denote the throat number and aspect ratio, respectively. The aspect ratio
shows the pore radius ratio to the largest throat radius. The topological shape of the lattice is
considered to be rectangular which gives a freedom to the throat and pore length to vary. In
equation 2, if we replace the | parameter with R, it can change its application from the
calculation of pore to the throat length. The network model randomness cab is quantified using
equation 1 which defines the index of heterogeneity. Obviously, as the heterogeneity of the
system increases, the system would become more heterogenic with a larger index.
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Hi :ﬁxﬂx(fmax B fmin)
Rmax_Rmin

where R denotes the average throat/pore radius.

(3)

3.2. Passing the fluid from network

Flowing fluid fills the whole cross-section of the element. The resistance of the fluid hydraulic
(w) has a general form which can be calculated as follow:

X A
% g(x) (4)

where g(x) and pr denote conductance fluid per length and viscosity of the fluid, respectively.
Poiseuille’s law shows the calculation if g(x) is considered for a cylindrical flow:

T 4
=ZR 5
g 3 (5)

3.3. Distribution of fluid pressure

W= i

In the equation of volume conversion, hydraulic resistance (equivalent) is taken into account.
Using this concept, the flow rate of the oil between neighboring throat and pore centers can
be calculated by the equation 6:

P —P

,

(6)

where, indices of p and t are denoting pore and throat, respectively. we denotes hydraulic
resistance (hydraulic). A network with a number of throats and b number of pores is
considered then conservation of volume for throats and pores is applied.

The conservation of volume is included with equation 6 (equation of flow). This leads to a
list of equation systems with a + b unknowns (pressure at pore/throat center) that are
illustrated in the Equation 7 and 8 for pores and throats respectively:

q:

Pl P!
n _ n p t _
Zi:lqii - Zi:l a);j =0 (7)
P2 _ Pi P2 _ Pi
p t p t
—— + . =0
T (8)

e e
where indices j and i indicate throats and pores respectively. 1 and 2 show two connected
pores to a throat.

According to Equations 7 and 8 for any network with a + b members (throat/pore), a system
of linear equations with a+b unknowns is obtained. Solving the mentioned system including
proper boundary condition determines pressure distribution for the network. Network absolute
permeability can be calculated based on Darcy’s low for single-phase flow; it is assumed that
fluid viscosity does not change due to asphaltene precipitation during the process. Having
pressure distribution through the network gives the ability to calculate the thermodynamic
state of the fluid as well as probability and quantity of deposited asphaltene with respect to
the introduced scale in the next section.

3.4. Asphaltene precipitation model

Because of the complexity of the thermodynamics model with a required number of fitted
parameters from experimental data, the available parameters are lacking the power to extend
the predictions to some unmeasured operational conditions [2°]1, Therefore, the scale equation
is included to predict the asphaltene deposition conditions of the investigated sample [2°], The
model includes different parameters such as the pressure of the oil, initial content of the
asphaltene inside the oil, bubble point, temperature, pressure and eventually the critical
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properties. Properties of the tested asphaltene and oil are provided in Tables 2 and 3. This scaling
equation was coupled with previously described network model to predict the amount of
deposited asphaltene in each pore or throat.

3.5. Simulation of the precipitation process

Asphaltene deposition is highly dependent on pressure fluctuation of the pore as it is the
driving force for flowing the oil in between throat and pore. Changing the condition during this
fluctuations would possibly initiate the deposition (basic assumption for scaling rule). Time
dependent asphaltene content of the pore and throat can be calculated by equation 8 and

following material balance:

__ PoXVa
Va,prec = Tuw xfa,SEpr/t (9)

where Va,prec, po, Va, MW, fa,se and Vpie denote the deposited asphaltene volume, oil density,
molar volume of the asphaltene sample, molecular weight, mass based fraction of the
deposit and volume of the throat/pore, respectively.
At each time step the change in radius of each pore or throat is computed according to the

following equation:

Vi
dRi — _aprec (10)

2TR;L;
where dR; is a reduction in radius of element i due to asphaltene precipitation, Va"prec is the
volume of deposited asphaltene in element i, Ri is the radius of element i and Li is its length.

Read
Medium and fluid properties,
Scaling equation parameter,
Oil flow rate and
Flowing time period (tgowing)

.

Calculate pressure difference across the network, F
Determine K and ¢ for the network

v

Calculate volume of precipitated asphaltene in each pore/throat

v

Update pores/throats radius

Figure 5. Algorithm for simulation of asphaltene precipitation in network model
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The flow chart of the developed computer program is provided in figure 5, which simplifies
the discussed mathematical computations. This program was used to simulate the asphaltene
precipitation phenomenon in porous medium duo to fluid (asphaltenic crude oil) flow. The
network model used this simulation shows only a very small part of the tube; hence, we can
neglect the effect of temperature change and assume the process to be in an isothermal
condition. To have the similar opportunity of precipitation in both slim tube and network model
it is assumed that the network model is entrance part of slim tube consequently a number of
filling of the network model with oil is calculated according to the slim tube and network model
dimensions and their average porosity:

_ VBsos
f VBNPN
where Nr is a number of completely filling of the network model with oil, Vss and Ven are the
bulk volume of the slim tube and network respectively, in addition, ¢s and @n are porosity of
average porosity of slim tube and network, respectively.

(11)

3.6. The sensitivity of the network permeability

The morphology defining parameters for the network model are as follows (from the most
important to the least important). Distribution of the diameter of pore/throat, length of the
throat (pore), an average of the pore coordination number and pore number (throat). At a
different range of the length, radius, and number of pores, a one-phase flow is simulated with
a network model. Looking at results, one can conclude that the permeability within the range
of 10-700 pores is unstable. In the constant condition for the rest of the parameters, results
have shown that after 700 number of pores, the system becomes stable and it is less sensitive
to the parameter which is shown in figure 6. Hence, the included lattice is made of 24x32
dimensions of pores, which rectifies the limitation.

4. Permeability and porosity reduction due to asphaltene precipitation

In this study, asphaltene precipitation was simulated during oil flow using the pore scale
network model with the rate of 60 cc/hr. The oil asphaltene content was 0.0024
(volume/volume) based on the experiment that was performed on the slim tube. Permeability
was less sensitive to the change of porosity in comparison with precipitation. The asphaltene
precipitation decreases path connectivity for fluid flow. However the deposit volume occupies
a small part of the medium, and it doesn’t decrease the porosity significantly. This factis in a
good agreement with results of experiment (see Figure 7 and 8). Figures 4 and 5 show norma-
lized permeability and normalized porosity with respect to their initial values for both model
and experiment. Some parameters of network model were changed to reach the best match
between the network model prediction and experiment results. These parameters values are
shown in Table 4. According to Figures 6 and 4, network model could predict porosity reduction
more reliably than the estimation of permeability reduction. It might be the result of different
heterogeneities of the slim tube and network model. The flow was simulated using three
different indices of heterogeneity (Hi) inside the network.

Table 4. Network parameters used in the simulations

Parameter Value Parameter Value
Rtmin=Rtmax 3-20 um A 0.8

[min=Imax 10-100 pm B 1.6
fmin 'fmax 2-2.2

The more the heterogeneity, the higher the probability to deposit asphaltene (shown in
Figure 9). For the presented results f and B were varying in equation 3 and the size of the
throat radius was constant. As the number of the parameters rises, consequently the
complexity of the model increases. Therefore in such simulations permeability alteration is a
sensitive function of associated pore volume parameters like pore size distribution and
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coordination number. During the described process, pore size distribution changes as a result
of decreasing pore/throat radius due to asphaltene precipitation (see Figure 10).

5. Results and discussion

In this study, a pore scale network simulator was used to calculate the change of the
porosity and permeability of a 2D porous medium (hypothetical) resulting from asphaltene
precipitation. The result were compared to the results of an experiment that was carried out
on the slim tube. Initially based on the simplified Navier-Stokes equation pressure distribution
through the network is calculated. Thereafter, to predict the fraction of precipitated asphaltene
of every pore or throat, a scaling equation is employed with respect to the pressure
fluctuations. Finally, distribution of the pore size, porosity, element size reduction and
permeability is determined consequently by a material balance for each throat or pore. The
pore scale network model predicts the porosity reduction more acceptable than permeability
changes. This fact is the result of medium heterogeneity. In fact, the slim tube that was used
in the experiments is more heterogeneous than the network model of this study. Simulations
show more heterogeneous networks are more sensitive to asphaltene precipitation. Authors
recommend that a thermodynamic model which includes the colloidal nature of asphaltene
particle is used in such simulation. It should be mentioned that coupling network model with
a thermodynamic model is more complex than the model used in this study.
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Figure 6. Effect of number of pores on absolute permeability.
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Figure 7. Permeability reduction due to asphaltene precipitation.
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Figure 8. Porosity reduction due to asphaltene precipitation.
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Figure 9. Effect of heterogeneity on permeability reduction.
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Figure 10. Pore size distribution change due to asphaltene precipitation.
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6. Conclusions

In this work, asphaltene precipitation in granular porous media was simulated in pore scale
using a network modeling method. The numerical results of pore-scale network modeling for
the permeability reduction versus time were developed for the evolution of the permeability
of a slim tube during precipitation of asphaltene. The main outcomes of this study can be
expressed as below.

v" For enough long slim tubes, the model can be simplified to the form which fits well with the
laboratory experiments. The proposed models describe the permeability change with no
need to know the changes of porosity.

v" The developed model was coded on the computer. The developed model can simulate the
porous medium under the experimental condition to investigate decreasing the
permeability. It shows a good correlative agreement with experimental data which indicates
the quality of the model.

v' In addition, the change in the distribution of pore size resulting from asphaltene
deposition can be calculated.

References

[1] Manshad AK, Edalat M. Application of continuous polydisperse molecular thermodynamics for
modeling asphaltene precipitation in crude oil systems. Energy & Fuels, 2008; 22(4): 2678-
2686.

[2] Monteagudo JE, Lage PL, Rajagopal K. Towards a polydisperse molecular thermodynamic model
for asphaltene precipitation in live-oil. Fluid Phase Equilibria, 2001; 187: 443-471.

[3] Dullien FA. New network permeability model of porous media, AIChE Journal, 1975; 21(2): 299-307.

[4] Chatzis I, Dullien FA. Modelling Pore Structure By 2-D And 3-D Networks with Application To
Sandstones, Journal of Canadian Petroleum Technology, 1977; 16(1).

[5] Fenwick D, Blunt M. Use of network modeling to predict saturation paths, relative permeabilities
and oil recovery for three phase flow in porous media. in: SPE Annual Technical Conference,
1997, pp. 383-396.

[6] Leontaritis K, SPE Formation Damage Control Conference, Lafayette, Louisiana, (1998).

[7] Blunt MJ], Jackson MD, Piri M, Valvatne PH. Detailed physics, predictive capabilities and
macroscopic consequences for pore-network models of multiphase flow, Advances in Water
Resources, 2002;25: 1069-1089.

[8] Wojtanowicz A, Krilov Z, Langlinais J. Study on the effect of pore blocking mechanisms on
formation damage. in: SPE Production Operations Symposium, Society of Petroleum Engineers,
1987.

[9] Wojtanowicz A, Krilov Z, Langlinais J. Experimental determination of formation damage pore
blocking mechanisms, Journal of energy resources technology, 1988; 110(1): 34-42.

[10] Amaerule JO, Kersey DG, Norman DK, Shannon PM. Advances in formation damage assessment
and control strategies, in: Annual Technical Meeting, Petroleum Society of Canada, 1988.

[11] Minssieux L. Core damage from crude asphaltene deposition. in: International Symposium on
Oilfield Chemistry, Society of Petroleum Engineers, 1997.

[12] Acevedo S, Ranaudo MA, Escobar G, Gutiérrez L, Ortega P. Adsorption of asphaltenes and
resins on organic and inorganic substrates and their correlation with precipitation problems in
production well tubing. Fuel, 1995; 74(4): 595-598.

[13] Civan F. A multi-phase mud filtrate invasion, and wellbore filter cake formation model, in:
International Petroleum Conference and Exhibition of Mexico, Society of Petroleum Engineers, 1994.

[14] Civan F. Modeling, and simulation of formation damage by organic deposition. in: First inter-
national symposium in colloid chemistry in oil production: Asphaltenes and wax deposition, JSCOP,
1995; 26-29.

[15] Civan F. Mechanism of Clay Swelling from Reservoir Formation Damage-Fundamentals. Mode-
ling, Assessment and Mitigation. (2000).

[16] Civan F, Knapp R. Effect of clay swelling and fines migration on formation permeability. in:
SPE Production Operations Symposium, Society of Petroleum Engineers, 1987.

[17] Roque C, Chauveteau G, Renard M, Thibault G, Bouteca M, Rochon J. Mechanisms of formation

damage by retention of particles suspended in injection water. in: SPE European Formation
Damage Conference, Society of Petroleum Engineers, 1995.

Pet Coal (2018): 60(4): 570-583
ISSN 1337-7027 an open access journal

582



Petroleum and Coal

[18]

[19]

[20]

[21]

[22]

[23]

Blauch M, Weaver J, Parker M, Todd B, Glover M. New insights into proppant-pack damage due
to infiltration of formation fines. in: SPE Annual Technical Conference and Exhibition, Society
of Petroleum Engineers, 1999.

Weibull W. Wide applicability. Journal of applied mechanics, 1951; 103: 293-297.

Soltani Soulgani B, Rashtchian D, Tohidi B, Jamialahmadi M. Integrated modelling methods for
Asphaltene deposition in wellstring. Journal of the Japan Petroleum Institute, 2009; 52: 322-331.
Manshad AK, Manshad MK, Ashoori S. The application of an artificial neural network (ANN) and
a genetic programming neural network (GPNN) for the modeling of experimental data of slim
tube permeability reduction by asphaltene precipitation in Iranian crude oil reservoirs
Petroleum Science and Technology, 2012; 30: 2450-2459.

Ashoori S, Manshad AK, Alizadeh N, Masoomi M, Tabatabaei S. Simulationand Experimental
Investigation of the Permeability Reduction due to Asphaltene Deposition in Porous Media.
Iranian Journal of Chemical Engineering, 2010; 7(3).

Civan F. Reservoir Formation Damage-Fundamentals, Modeling, Assessment, and Migration,
Gulf Pub, Co., 2000, Houston, TX, 742p.

To whom correspondence should be addressed: Prof. Amir H Mohammadi, Discipline of Chemical Engineering,
School of Engineering, University of KwaZulu-Natal, Howard College Campus, Durban 4041, South Africa, E-mail:
amir_h_mohammadi@yahoo.com and Dr. Abbas Khaksar Manshad, Department of Petroleum Engineering, Abadan

Faculty of Petroleum Engineering, Petroleum University of Technology (PUT), Abadan, Iran, khaksarn@pur.ac.ir

Pet Coal (2018): 60(4): 570-583
ISSN 1337-7027 an open access journal

583


mailto:amir_h_mohammadi@yahoo.com
mailto:khaksar@pur.ac.ir

Petroleum and Coal

Article Open Access
THE POSSIBILITY OF REDUCING THE CARCINOGENICITY OF COAL TAR
ELECTRODE PITCHES

Fedor F. Cheshko, Alexandr L. Borisenko, Alla Yu. Martynova, Vladimir M. Shmalko,
Oleg I Zelenskii

Ukrainian State Coal-Chemistry Institute, 6 1023, Kharkov, 7 Vesnina Str., Ukraine

Received March 13, 2018; Accepted April 27, 2018

Abstract

The technological value of the coal tar electrode pitch is largely determined by the high content of con-
densed polyaromatic compounds in its composition. An attempt to change the chemical composition
of the coal tar electrode pitch in order to reduce the content of carcinogenic polyaromatical hydro-
carbons (PAH) will bring it closer to oil binders that are significantly inferior in their technological
properties, or inform them of the new properties that are not desirable from the consumer’s point of
view. Involving carcinogenic PAH in the process of chemical transformations the products of which are
notdetermined by analytical methodsas indicatorsof cancer risk, will not necessarily lead to a decrease
in the carcinogenic risk of coal tar pitch as a physicochemical system.

Keywords: coal tar pitch; carcinogenity; polyaromatical hydrocarbons; benz(a)pyrene.

1. Introduction

As known, the coal-tar electrode pitches namely the product of coal tar processing, are
used in the production of a wide range of conductive materials as well as structural elements.
For example, these are anodes and anode masses for the production of aluminum, graphitized
electrodes for the electrowelding of steel, materials for sliding contacts, etc. The main purpose
of the pitch in such industries is to act as a binder for carbon fillers which are mainly electrode
cokes based on the same coal tar pitch, as well as oil and shale tar. The indispensable
processing stages, which are mixtures of filler and binder, are high, and in some cases—-very-high-
temperature processing (up to 1500-2500°C) [*1. As a result, a fairly uniform material with
high carbon content, a low electrical resistivity, and a number of other specific properties are
formed. When making electrodes, the pressed blank is subjected to preliminary heating, then
the resulting porous solid body of the future product is impregnated with a special pitch for
filing the pores, increasing the density and mechanical strength on further thermal and
mechanical treatment.

The normative properties of electrode binders and impregnating pitches are determined by
the requirements for qualitative parameters of the final electrode product and the features of
the technology of its production at specific enterprises. The pitch, used as an electrode binder,
should have optimal binding properties and cake well with carbonaceous fillers, firmly binding
their grains and providing a high yield of the coke residue. The main requirements for
impregnating electrode pitches are low viscosity at the impregnation temperature and the
ability to penetrate into the pores of the impregnating material. In addition, impregnating
pitches, as well as electrode binders, should create a strong adhesion contact with the surface
of the work material, and while carbonizing, they should ensure the highest possible yield of
the coke residue. To improve the technological properties of electrode binders (mainly) and
impregnating materials, the initial pitches obtained directly at the rectification stage of the
coaltaras a non-boiling residue are subjected to the subsequent treatment at temperatures
from 250 to 400°C with the use of special technological methods intensifying the polyme-
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rization and polycondensation reactions in the pitch melt. As such methods in different
countries, different manufacturers produce thermooxidation with air oxygen, vacuum heat
treatment, thermal soak under upacting pressure, modifying chemical-active additives, etc. [*-3],

Another property of the coal pitch that does not relate to specific technological indicators,
but which is of great importance for the staff’s health and life of manufacturing and processing
enterprises, is carcinogenic activity. The biological index of carcinogenicity of various coal tar
pitches (Aibolla index)! ranges from 20 to 45. It is massively higher than that of similar
petroleum products. There are also numerous medical and statistical data that irrefutably
prove the causal relationship of the systematic (professional) impact of the coal tar pitches
and resins with the contraction of an oncology disease of a number of human organs 471,

The carcinogenicity of the coal tar materials that is resins and derived from them is related
to the presence of polycyclic aromatic hydrocarbons (PAH) in their composition. However, not
all representatives of this class of substances are equally oncologically dangerous.

There is no consensus on the carcinogenic hazards of the various components of the coal
tar pitches. Few of themare produced in pure form on a scale that is sufficient for represen-
tative statistical generalizations concerning the oncological impact on production personnel.
At the same time, it is well known that the same substances with respect to different biological
organisms can exhibit different carcinogenic activity — from very strong to zero. Although
nowadays the lines of laboratory animals that are genetically closeto a person have been pro-
duced, it is undoubtedly impossible to achieve a one hundred percent identity. This is the
reason for some discrepancies in the literary sources regarding the classification of substances
that are cancerous for people.

Thus, according to the authors B-°]1, among the high-molecular PAH, the most dangerous
one is benzo(a)pyrene (BaP, CxoHi», five conjugated rings in the molecule). In addition to BaP,
a number of PAH are also classified as carcinogens. Among them, benz(a)anthracene,
benzo(b)fluoranthene, benzo(k)fluoranthene, chrysene, dibenz(a,h)anthracene and indeno
(1,2,3-cd)pyrene. PAH, known for its carcinogenic and mutagenic properties, also includes
benz(j)fluoranthene, benz(ghi)perylene, coronene, ovalene, etc.

Currently, more than 500 carcinogenic PAH have been identified. Sinceit is not feasible to
carry out individual sanitary monitoring of the content of such substances quantities in
different environments, for this purpose various national and international environmental
organizations identify a number of priority groups.

For example, 16 PAH, including BAP, is designated by the US Environmental Protection
Agency to represent the results of test measurements; 4 PAH-BaP, benz(c)fluoranthene,
benz(k)fluoranthene, indeno(123-cd)pyrene are used as indicators for emission inventories
under UNECE Protocol®. In orderto analyze the carcinogenicity of the exhaust gases of internal
combustion engines, a priority group has been singled out. This group includes BaP and 11
PAH: benz(v)fluoranthene, benz(a)anthracene, chrysene, benz(g,h,i)perylene, fluoranthene,
pyrene, benz(e)pyrene, perylene, indenoprene, diben(a,h)anthracene and coronene [1°],

It should be noted that the level of BaP content (which is included in all the above and
many other categories) has been used for a long time as a universal indicator of the
carcinogenicity of the material. Thus, according to the Document of EC Commission No.
208/2005 / EEC3, the content of benzo (a) pyrene can be used as an indicator of the presence
and danger of carcinogenic polycyclic aromatic hydrocarbons, evenin food products.

1 The index of carcinogenicity (Aibolla) Ikants is determined by the results of biological tests on living organisms.
Ikants=(A/ L) x 100; where A is the number (%) of the test specimens in which malignant tumors were detected as
aresultofthetests;L- duration (days) of thelatent period 4.

2The Protocol on Persistent Organic Pollutants to the 1979 Conventionon Long-range Transboundary Air Pollution
of the United Nations Economic Commissionfor Europe.

3 COMMISSION REGULATION (EC) No 208/2005 of 4 February 2005 No 466/2001 as regards polycyclic aromatic
hydrocarbons.
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Thus, the BaP to the present time is a kind of indicator of the presence in materials,
atmospheric emissions, sewage and other media of carcinogenic PAH.

2. Experimental

Below (Tables 1-3) we give the obtained data on the content in the various coal tar peaks
of the BaP (1995, Table 1), as well as carcinogenic PAH (2016, Tables 2, 3).

Table 1. The content of BaP in various coal tar pitches of industrial origin (1995)

Indicators Initial pitches Medium temperature pitches High temperature
pitches
1 2 3 4 5 6 7 8
Softening point
according to 50.5 56.0 60.0 67.5 68.0 86.5 149.0 250.0
K&S, %

The content of

the BaP, % 1.60 2.25 2.30 2.15 1.48 2.10 1.83 1.52

The results obtained by us are well correlated with theliterature data of the corresponding
periods, for example, Table. 1 - with the data of the works [7-111 and the data of Table 2 -
with the data [*2],

Table 2. The content of priority PAH, %, in industrial samples of the coal tar electrode pitch (2016)

Electrode pitches High temperature pitches
Component name Model number
1 2 3 4 5 6 1 2 3

Naphthalene 0.05 0.227 0.493 0.256 n.a. 0.229 1.509 0.099 0.147
2- Methylnaphthalene 0.03 0.065 0.121 0.072 n.a. 0.006 0.400 0.002 0.036
2,3 Dimethylnaphthalene n.a. 0.026 0.029 0.025 n.a. 0.005 0.054 0.008 0.018
Ascenaphthylene n.a. 0.004 0.008 0.004 n.a. 0.002 0.026 0.001 0.002
Acenaphthene 0.27 0.335 0.544 0.336 0.12 0.032 0.809 0.010 0.180
Fluorene 0.13 0.191 0.349 0.211 0.03 0.066 0.572 0.057 0.136
Fenatren 1.17 1.025 1.750 1.078 0.63 1.562 1.676 0.076 0.865
Anthracene 0.36 0.206 0.507 0.293 0.26 0.464 0.518 0.022 0.167
Fluoranthene 1.86 1.581 2.213 1.674 1.27 2.110 2.044 0.638 1.609
Pyrene 1.81 1.562 2.023 1.575 1.31 2.001 1.880 0.703 1.561
Benz (a) fluorene 0.50 0.495 0.424 0.419 0.35 0.444 0.409 0.280 0.524
Benz (b) fluorene 0.40 0.340 0.386 0.336 0.25 0.500 0.387 0.249 0.348
Benz (a) anthracene 1.18 0.886 1.191 1.073 0.74 1.175 1.194 0.738 0.919
Chrysene 1.42 1.177 1.305 1.192 1.32 1.325 1.170 1.063 1.274
Benz (b) fluoranthene 1.67 1.452 1.416 1.367 1.33 0.518 1.357 1.013 1.528
Benz (k) fluoranthene 0.73 0.501 0.526 0.501 0.71 1.334 0.508 0.296 0.497
Benz (e) pyrene 1.05 0.797 0.818 0.791 0.86 0.757 0.757 0.697 0.800
Benz (a) pyrene 1.62 1.001 1.166 1.114 1.30 1.146 1.122 0.976 1.019
Perilen 0.81 0.360 0.388 0.365 0.70 0.375 0.377 0.323 0.371
Indeno (1,2,3-c,d)pyrene 1.93 0.512 0.495 0.505 1.47 0.217 0.445 0.207 0.496
Dibenz (a, h) anthracene 0.47 0.264 0.260 0.271 0.23 0.920 0.231 0.816 0.260
Benz (g.h.i) perylene 1.75 0.727 0.572 0.728 1.27 0.763 0.487 0.659 0.698

n.a.-not available

A certain decrease in the content of the electrode coal tar pitches of BaP, noted over the
past twenty years, is probably due to the general trends in the change of the raw material
base and technological equipment for coking coal. Thus, a decrease in the content of coal gas
in coal batches and the increase in the share of heavy-duty furnaces (including new ones or
those that have undergone rearrangement) in the total volume of coke production led to a
decreasein the degree of pyrolysis of the coal tar.

Nevertheless, despite the marked tendency, the level of carcinogenic activity of the pitches
produced fromthe coal tar continuesto be very high. This forces producers and consumers of
raw materials for electrode products to look for the alternative types of binding and impreg-
nating materials. However, the main driving force of such searchesis the ratio of production
and consumption of the coal tar pitches in the world.
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Thus, the authors of the work [*3] noted that in the pre-crisis period in most regions of the
world, the production of coal-bearing electrode pitches was significantly lower than the
demand. The greatest deficit was observed in the countries with a developed aluminum
industry, which is the dominant consumer of coal tar pitches. The production of this kind of
electrode raw materials is limited by the level of coke production.

It can be concluded that the tendencies of the world markets for pitch, aluminum, and
metallurgical coke promise, at least in the near and medium term, the preservation of the
deficit of electrode pitches. One way of making good this deficit can be the production of
electrode binding and impregnating materials on an alternative basis. Taking into account the
number of resources, the development consumption of such raw materials in related sectors
(manufacture of electrode fillers, carbon fibers, carbon black, etc.), as well as the relative
proximity to the coal tar according to the physico-chemical properties,oil stock attracts the
most attention in this regard.

A petroleum pitch is produced from heavy oil residues, pyrolysis resins, cracked residues,
etc. 141, The use of such raw materials has also ecological and sanitary reasons: as it has
already mentioned above, oil pitches are characterized by a much lower content of
carcinogenic substances. In particular, the concentration of benzo(a)pyrene, according to the
results of the studies, is 0.04-0.15 % in the pitches from cracked residues, and 0.3-0.8 % in
pyrolytic pitches [*4/15],

However, the differences in the chemical composition of coal and petroleumpitches are an
advantage of the latter only from the point of view of the relative ecological safety. In terms
of technological properties, the situation is the opposite. At the same softening temperature,
the coal tar pitches are characterized by a much higher content of high molecular components
(substances which are insoluble in toluene, TI) than petroleum. For example, for vacuum-
distilled cracked pitches, the content of such componentsis 5-16 times lower thanin the coal
tar pitch with a similar softening point value. Specifically, because petroleum pitches contain
less polycondensed aromatic compounds, they have a lower C/H ratio and, consequently, a
much lower yield of the coke residue compared to coal analogues. For even a partial leveling
of these negative differences, it is necessary to increase the softening point of the petroleum
pitches. However, this leads to an increase in viscosity and a decrease in the wetting power
with respect to thefiller [*4-171,

There are known efforts toimprove the properties of oil pitches by adding dust of petroleum
coke, soot, and other high-carbon components in them [*5 181, However, the increase in the
coke residue due to only solid disperse additives without the presence of intermediate fusible
carbonaceous components in the pitch can not contribute to the improvement of the entire
complex of properties of the electrode material, both binding and impregnating ones.

For these above mentioned technological drawbacks, at present oil pitches find an extre-
mely limited industrial application in the USA and Canada (about 10-12 % of the total amount
of pitch used), traditionally experiencing a critical deficit of coal electrode binders. At the same
time, it is proved that the oil pitch, due to the high yield of volatile substances, the low content
of coke-forming components, the increased softening temperature, and high viscosity, is not
able to replace coal analogues adequately. Therefore, it is considered expedient to use a petro-
leum pitch only in @ mixture with coal tar. The approximate composition of such a compound
is 15 % oil and 85 % the coal tar pitch [14-191,

All the above mentioned information prompted and encourages various researchers to find
the ways to reduce the carcinogenic activity of the coal tar pitch. The most common in this
regard are the attempts to reduce the content of carcinogenic PAH, and most notably BaP
through the chemical pitch treatment.

For example, it is known, that during the heat treatment of the initial pitch, which is
necessary to impart the required technological properties, the addition of various chemically
active additives can contribute to both intensification and inhibition of the processes that lead
to the formation of additional quantities of BaP; it is also possible to achieve a significant
reduction in its concentration in the processed pitch melting in comparison with the raw
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material. Table 3 shows the conditions and results of our research in this field. The original
pitch was subjected to the treatment with the following parameters: softening point - 50.5
°C; the mass fraction of substances that are insoluble in toluene - 25.4 %; the mass fraction
of substances that are insoluble in quinoline — 8.8 %; the content of the BaP - 1.6 %. The
heat treatment was carried out in a laboratory cube-reactor until electrode pitches with similar
softening temperatures were obtained.

Table 3. The conditions and results of heat treatment of the pitch including chemically active additives

. Additive
Processing parameters and

- DI Benzoyl - .

pitch quality indicators peroxide Sulfanilic acid
Experiment Number 1 2 3
The content of the additive,% of the mass of pitch 1 5 5
loading
Liquid phase temperature, °C 330 290 330
Steam phase temperature, °C 300 250 300

Pitch quality indicators

Softening point accordint to K&S, % 91 90 92
E/Iéals)s E/l;actlon of substances insoluble in quinoline 18.9 9.3 16.2
E/ITaI?s D};ractlon of substances insoluble in toluene 37.0 41.9 421
Mass fracthn of'sut')stances msoluble in toluene, 18.1 32.6 25.9
but soluble in quinoline (B-resins), %
Mass fraction of substances soluble in toluene 63.0 58.1 57.9
(TS), %
Volatile matter yield at 850 °C, % 53.9 52.0 52.7
The content of BaP, % 2.55 0.44 2.50

3. Result and discussion

According to the results of our earlier studies [2°1, benzoyl peroxide (H.N-CsHs—SO3H) under
experiment No. 1, and sulfanilic acid ((CeéHsCOz)2) under experiment No. 3 intensify the course
of the radical polymerization processes, which, judging from the data in Table 3, lead to a
significant (more than one and a half times) increase of the content BaP in the pitch. In
contrast, sulfanilic acid under the conditions of experiment No. 2 intensifies the course of the
reactions of increasing the molecular weight by the ionic mechanism, in which, apparently,
BaP is not a product but a reagent, that leads to a decrease in its concentration in the final
pitch 3.6 times compared with the initial one. In this case, the initiation of the primary course
of ionic polymerization during the heat treatment of the initial pitch does not lead to a
deterioration in the technological properties of the electrode pitch (see Table 3). If the BaP
content was indeed a sufficient indicator of carcinogenic activity, the problem could be
considered solved.

The same applies to another method of decreasing the carcinogenicity of coal tar pitch,
which has been attracting researchers’ attention for a long time 7 121 - to the oxidation of
coal raw materials.

Thus, according to the author of the paper [21], thermal oxidation with oxygen, ozone, and
other oxidizing agents s an effective way to reduce the carcinogenic activity of coal tar pitches.
For example, the low-temperature (up to 300 °C) thermal oxidation of the raw feedstock
(especially the air with an additive 0.3-1.6 % ozone) makes it possible to reduce the content
BaP in the electrode coal tarpitch to a level of 0.2-0.3 %, whichis 10-15 times lower thanin
the ordinary industrial samples. It is commensurate with the content of BaP in petroleum
pitches. A similar result was obtained by other investigators [?21 during the thermal oxidation
of a low-temperature pitch with the air at 265 °C for 1.5-2.0 hours. BaP level in such a pitch
was 0.24 %. Similarly, the analysis of industrial samples of coal tar pitches 23! showed that
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vacuum-distilled pitch contains 1.5 times more carcinogenic PAH than those obtained under
the thermal oxidation with air oxygen.

From the point of view of the technological (consumer) properties of the thermooxidized
pitches, it is appropriate to recall that the thermooxidative treatment of coal tar initial pitches
did not become widespread due to a rather narrow range of raw material quality indicators
(coaltar, initial pitch), suitable for obtaining high quality electrode binders for this technology
31, In addition, according to the available data, some consumers put forward a requirement
that the pitch cannot be oxidized by oxygen (including the air) during heat treatment. The
most common opinion is that oxidation worsens graphitization because, during oxidation,
strong cross-links are formed between the condensed layers in the formof oxygen bridges. In
this connection, it is believed that the presence of more than 7 % oxygen in the feed leads to
complete suppression of the mesophase processes and to the production of non-graphitized
coke 3241 However, the very fact of a decrease in the concentration of BaP and other specific
carcinogenic PAH in the pitch as a result of chemical (especially oxidative) treatmentis by no
means evidence of a decrease in the overall oncological danger of the pitch as a
physicochemical system.

PAH and their derivatives (except for epoxides), like some other chemical compounds (for
example, aromatic amines), refer to genotoxic carcinogens of indirect action. Such substances
are not carcinogenic in the original form, but, having relatively low reactivity, accumulate in
the body, where in the process of metabolism they undergo enzymatic activation with the
formation of highly active electrophilic metabolites. The latterinteracts with nucleophilic DNA
groups, causing malignancy* of cells [25-261,

It is especially important to note that the main way to activate the carcinogenic activity of
a number of substancesis enzymatic oxidation. For example, chloroethylene oxide proved to
be a carcinogenic metabolite of vinyl chloride. In this case, for each carcinogen, there may
be, apparently, not one, but several ways of metabolic activation 271,

Thus, if as a result of any (especially oxidative) effect on the pitch, analytical studies show
a decrease in the content of specific PAH recognized as indicators of carcinogenic activity, this
does not mean a reduction in the oncological danger of the pitch. As an illustration of this,
Table 4 shows the data on the content of BAP and Aiboll index obtained for electrode pitches
subjected to various special processing techniques 3 7 221, Among the agents of such
processing in the literature very exotic ones, forexample, y-irradiation can come across.

Table 4. The study results of carcinogenic activity of modified pitches

S [ Mass fraction of

Pitch Name accordint to BaP. % Aiboll index
K&S, % !
Industrial, initial 69,4 1,1 44,2
Industrial, electrode, grade B 86,0 2,1 39,5
No. 1, subjected to y-irradiation 71,0 0,7 33,1
No. 2, thermoaired with ozone 73,0 1,2 39,3
No. 2, reated with gaseous chlorine 84,3 0,8 9,5

As can be seen from the data presented, even a significant decrease in BaP contentis
accompanied only by a slight improvement in the biological index of Aibolla. With the thermal
aeration of the pitch (i.e., when it is oxidized by ozone), the biological index does not change
at all, although the mass fraction of BaP decreases by almost half.

The only exceptionis the chlorinated pitch. However, both the technology of processing
coal tar pitch with gaseous chlorine and the use of a chlorinated binder in the electrode
production, do not appearto be technological.

4 Malignization (from Latin malignus) - the acquisition by cells of normal or pathologically altered tissue of the body
(including benigntumors) of the properties of a malignant tumor.
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The same can be said about a decrease in the carcinogenicity of the pitch by its sulfonation.
According to the data of the work [*3], such a pitch contains no BaP and has Aiboll index equal
to zero. At the same time, according to the data of the work 7], sulfonation gives the coal
pitch very uncharacteristic properties for it, for example, water solubility.

4. Conclusion

Thus, from the above mentioned, we can draw the following conclusions:

1. The technological value of the coal tar electrode pitch is largely determined by the high
content of condensed polyaromatic compounds in its composition.

2. An attempt to change the chemical composition of the coal tar electrode pitch in order
to reduce the content of carcinogenic PAH will bring it closerto oil binders that are significantly
inferior in their technological properties, or inform them of the new properties that are not
desirable from the consumer’s point of view.

3. Involving carcinogenic PAH in the process of chemical transformations, whose products
are not determined by analytical methods as indicators of cancer risk, will not necessarily lead
to a decrease in the carcinogenic risk of coal tar pitch as a physicochemical system.

4, Efforts to reduce the carcinogenic hazards of coal tar pitches should be focused on
improving the production technology and application of these materials in order to minimize
their contacts on personnel.
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Abstract

Asphaltene precipitation affects the formation by reducing the porosity and permeability. In this study
the permeability reduction asphaltene precipitation in granular porous media has been modeled using
pore-scale simulation. In this way, the pore-scale geometry of a granular porous medium is used, and
governing equations are solved numerically by an improved version of weakly compressible Smoothed
Particle Hydrodynamics (SPH). Based on the results of the pore-scale simulation, a modelis proposed
for the permeability change of a single cell (grain) in the porous media. In this model, there are two
parameters; final to initial permeability and characteristics time of precipitation that are evaluated
through pore-scale simulation. Then, the proposed modelis averaged through an up-scaling process
to lead to a macro-scale relation which independently of the changes in the porosity predicts the time
evolution of the permeability reduction. Experimental procedure has been conducted in a synthetic
porous medium made of the slim tube, which was filled with glassy beds. Different flood tests were
carried out at different temperatures and injection rates to test the volume ratio of oil to solvent. A
predictive model has been developed to assessthe permeability reduction via asphaltene precipitation.
The main assumption for the model is based on the theory of deep bed filtration and the relationship
between damaged and initial permeability, which is a function of the porosity change with asphaltene
deposition. The developed model simulatesthe permeability reduction in flooding tests using computer
code. The model provides good fit from the experimental data, which is an indication of the reliability
of the developed model.

Keywords: Permeability Impairment; Asphaltene Precipitation; Porous Media; Smoothed particle Hydrodynamics;
Model.

1. Introduction

Asphalteneis a mixture of a set of hydrocarbon(s) that can precipitate at different reservoir
conditions. After starting the precipitation, the fine particles aggregate. The mentioned pro-
cess is reversible which allows the collected particles to dissociate and make the initial fine
particles. Rock surface is capable of adsorbing and trapping the aggregates on their pores,
which depends on the size of the porous media (plugging). Due to high local velocity known
as shear, it can be returned into the oil phase. Effective mobility of hydrocarbon can be redu-
ced with asphaltene by:
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a) Reducing the permeability of the rock by blocking the pore throats,

b) Changing the formation wettability started with adsorption to rock surface, which
diminishes the permeability and increases the oil saturation as it cannot be reduced again.

¢) Forming an ionized solution (colloidal) in the oil phase, which increases the viscosity of the
reservoir fluid.

Asphaltene precipitation reduces the porosity. Correlating the porosity reduction to the rock
permeability declination can be considered using power law relationship. The power low
relationship gives the ratio of the permeability K to the initial permeability Kinit at time t, e.qg.,
in the way used by Civan 11,

When asphaltene forms without water and under saturated oil, the permeability declination
is the main mechanism of damage. The radius of damage depends on the draw down, and it
occursdeep in the reservoir. There are plenty of developed models for the precipitation of the
asphaltenein core tests. Civan [2-3] categorized flow channels of porous media into the groups
of plugging and non-plugging trajectories. Forthe modelling, pore throat plugging of surface
adsorption and dragging the precipitates are considered.

Ali and Islam [*1 assumed the suspension of asphaltene in crude oil, which is ready to
precipitate. Further factors of the model include entrainment of the deposits and surface
adsorption. Wang et.al. 15-61 used ideal solution theory to simulate deposition process. Two
factors to model the asphaltene deposition are plugging of the surface adsorption and
entrainment.

In this study, a numerical model has been developed to predict a reduction of permeability
due to asphaltene precipitation. To this end, pore scale geometry of a granular porous medium
is used, and governing equations are solved numerically, which is Smoothed Particle Hydrody -
namics (SPH). This method is not applying the Lagrangian mesh, which makes it a popular
method of computational fluid dynamics (CFD) modelling approaches. It is easy to implement
and flexible while handling large displacements and interfaces of complex fluids. Lucy 71 and
Gingold and Monaghan Bl initially developed the SPH method in the same time for simulating
astrophysical problems which was extended to many fields of fluid flows and solid mechanics [°1.

In this work, an improved version of weakly compressible SPH was used as suggested in
recent work of Fatehi and Manzari [*°1, This improvement includes more consistent scheme for
discretization of second derivativesin conjunction with a numerical filter for reduction of non-
physical oscillations and a new method for implementation of wall boundary condition. Another
novelty of this work is that in contrast with the common models in the literature the model
proposed to predict the time evolution of the permeability inclination is independent of the
changes in the porosity.

In the following, first, the phenomenon is studied in pore-scale. The computational domain
governing equations and the numerical method are described, and the obtained results are
presented. In the next section, based on the results of pore-scale simulation a model is pro-
posed for the permeability change of a single cell (grain) in the porous media. Then, the
proposed model is averaged through an up-scaling process to lead to a relation for the permea-
bility reduction due to asphaltene precipitation in a slim tube.

2. Experiments of the slim tube
2.1. Material and equipment

Table 1 shows properties of the target crude oil which were taken froman oil field in the
Southern part of Iran. It is heavy oil (relatively) which has a gravity index equal to 20° API with
asphaltene content of 11 weight percent. The sample (crude oil) was kept at specific laboratory
conditions (almost three months) to eliminate the volatile components and reach to a fixe
composition for the equilibrium condition. In association with oil production, further, than oil,
there are possible contaminations such as sandand clay. Hence, W hattman paper filter (num-
ber 42) was applied to eliminate the mentioned impurities. In our gravimetric experimental
method, n-heptane was taken as the precipitant to measure the quantity of the deposited
asphaltene.
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Several experiments were conducted on the porous medium (the synthetic medium) at high
temperature and pressure (reservoir condition) to study the asphaltene deposition pheno-
menon. Figure 1 shows the experimental apparatus. It consists of a slim tube submerged in
an oil bath, vacuum and liquid pumps, a transparent capillary tube connected to a heating
jacket, which helps to monitor the fluid flow, a pressure regulator for resulting oil, a container
to collect the final oil, and connected pressure gauges.

Table 1. Composition and characteristics of the crude oil [13-15,17]

Component Mole % Property Value
H2S 0.192 Reservoir Oil MW (g/gmol) 156.67
Nitrogen 0 Test temperature (F) 225
CO2 2.204 MW C7+ (g/gmol) 316.49
Methane 26.945 SGC7+ 0.9272
Ethane 8.008 Density of reservoir fluid @ Pb (g/cc) 0.7646
Propane 6.426 Bubble point pressure (psia) 1890
i-Butane 1.134 Asphaltene content in stock tank oil, wt% 11
n-Butane 3.682
i-Pentane 1.742
n-Pentane 2.233
Hexanes 4.202
Heptanes+ 43.212
3(p)
1 ]'% n)
x x e\ r P 2
(== (1) |
; )
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_ ”
e
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1. Displacement pump Neo.l 10, Heating and temperature control
2. Displacement pump No.2 wnit

1 Liquid comtainer No.l 11 Mixer

4. Liguid container No.2 12, Down-streamn pressure gauge
S, Liguwid container No 3 13, Sight glass

6. Vacuum pump 14, Back pressure valve

7. Up-stream pressure gauge 15. Outlet

S. Oil bath 16. Air bath

9. Shim tube

Figure 1. A schematic diagram of the experimental setup [14-16]

A Ruska tube was used to measure the quantity of the lost permeability resulting from asphal-
tene depositionin the porous medium. The tube is made of stainless steel tube coil with outside
diameter and inside diameter of 7.9 and 6.2 mm, respectively with the length of 18.3 m. The
tube is coiled (up to 20 cm of diameter). Small round glass beds of 150-170 micrometre are
used to pack the slim column.

The porosity of the porous medium is almost 27 % with an approximate absolute permea-
bility of 4.93x101? m? (5 Darcies). The total approximate volume of the available voids is 150 cn?.

The isothermal oil bath can be heated up to 175°C using a heat insulated tank which is con-
trolled thermostatically with an approximate volume of 60 liters. The circulating mixer and
heating element are mounted by a duct which leads to the full circulation of the fluid inside
the bath. It is equipped with a temperature controller with 1°C resolution. The tube is placed
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vertically, and theinlet valve and outlet valve are located on top side of the temperature bath.
To distribute the temperature evenly, the tube is submerged fully into the bath. The trans-
parent high pressure tube is located at the end of the slimtube (downstream). The passing fluid
can be eitherone phase or two-phase slug flow.

Two pressure gauges are connected to the tube with the aimto monitor the pressure of the
upstream and downstream which is controlled using a backpressure regulator connected to
the downstreamside after flushing the resulting oil to the atmospheric condition.

There are two cylinder-pistons of 500 m* volume inside the pump with a variable flow rate
of 1 to 1999 cm?/hr. The accuracy of the pump is 0.0025 cm? using a calibrated ruler which
can workup to 70 MPa and controlled by computer and manual as well.

2.2. Experimental technique

The two categories of the experimental technique are as follows:
2.2.1. Initial activities

The initial activitiesinclude:
. To wash the slim Rusk tube
. Todry the tube
. To evacuate thetube
. Tofill the vessel of fluid transfer
. To measure the pore volume
To study the systemin terms of flow behavior
g. To measure the permeability
h. To calculate the porosity of packed bed using the equation of Carman-Kozeny.

ST OO0 Tw

2.2.2. Flooding experiments

The effect of injection rate, temperature, and solvent to oil ratio on permeability declination
(resulted from asphaltene deposition) were studied by conduction several flooding
experiments and considering the factor of time. The calculated Reynolds number for injection
rate was less than unity, which leads to Darcy’s low as a method to obtain the permeability.

Initial activities were conducted to find the operational condition of the flooding tests on
the porous medium. The flood test procedure is as follows:

1. The filtered crude oil is filled to one of the vessels of fluid transfer and n-heptane to the
otherone.

2. The fluid transfer vessels are connected with a line to each other from top valves of the
vessels using a T-junction between them.

3. Each vessels bottomis connected to a pump which is set to the flow rate that is desired

and evacuated to eliminate the possible impurities such as air.

. The porous medium is then connected to the T -injection outlet of the evacuated vessel.

. Fluids are injected to mix the n-heptane with crude oil. The pump is activated at the same

time that the porous medium’s inlet valve is opened with recording the initial time.

6. Internal pressure to the porous mediumis monitored and recorded every 2 minutes. The mix-
ture of the n-heptane and crude oil passes through the porous medium. After filling the
medium with the volume of one pore (150 cm?) of the mixture, the entrance pressure starts
to increase. The exit valve is opened to produce the mixture consequently. The inlet
pressure drops and in a short time reaches a steady state condition. Increasing the pressure
is the reason that shows asphaltene precipitates. After observing the product at the outlet
valve, it is necessary totake a sample after every 10 minutes. Continues sampling process
stops after injection of at least 4 times of pore volume to the tube. The highest allowed
pressure to ovoid safety problems is 28 MPa.

7. The obtained samples are used to obtain the deposited asphaltene, which leaves the tube
and remains in the taken samples.

(S8
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Either the porous medium permeability versus time or injected fluid pore volume can be
calculated using Darcy’s law as well as the obtained data fromthe step 6. This experiment
can show the effect of different factors on severity of the damage due to permeability
reduction. Measured data at the 7" step shows the concentration of the deposited asphaltene
with varying time. Table 2 reports the conditions for these experiments.

3. Pore-Scale simulation

To predict the behavior of the porous media in asphaltene precipitation process a pore scale
model of a two-dimensional granular porous medium (as shown in Figure 2) is considered. It
is constructed from similar circular cylinders all of diameter D which are infinitely placed in a
regular inline arrangement. Here, the spacing in both transversal and longitudinal directions
is equal S.

Figure 2. Schematic of the regular granular medium used here for pore-scale simulations

Initially, the medium is filled with an oil free from asphaltene particles at the time t=0
another heavy oil with precipitated asphaltene flocs of concentration Ciis injected fromthe right
hand boundary. This causes the whole fluid in the medium to flow from right to left. As the
asphaltene flocs approach to the low speed regions near the grains they merge and form
deposits attached to the solid walls. This leads to two consequences; first, the cross section
area of the fluid flow is reduced which means a reduction in porosity and permeability of the
medium. The other consequent of asphaltene precipitation is that the fluid flows in the
remaining area more rapidly providing the flow rate be constant. This increase in velocity pre-
vents more asphaltene particles fromsettling. Precipitation of particles first occurs at the first
grain, and then it promotes in the way of the flow to the next grains.

3.1. Governing equations

Here, mass and momentum conservations are applied. Since the numerical method (SPH)
uses the Lagrangian approach, the conservation equations are written in the Lagrangian form.
For the solution, mass conservation is
o _ _
= PYY (1)

In addition, momentum conservation assuming Newtonian fluid and incompressible flow
leads to
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d
pd—::-%VP + uvV?v + pg (2)
Here, y and p denote viscosity and density of the solution, respectively.

In addition, V and P are velocity vector and pressure, respectively. For the concentration
of asphaltene flocs, one can write a transport equation like

‘;—f = DV2C (3)

where, Cis a concentration of precipitated asphaltene flocs in mole/m? and D is diffusion
coefficient.

Since asphaltene precipitates and forms into flocs; this diffusion cannot be Fickian or
molecular diffusion. However, in practice, thereis always diffusion effect due to the Brownian
motion of particles and other possible effects.

3.2. Numerical method

To solve the governing equations based on numerical methods, as mentioned earlier, a
Lagrangian method known as SPH s used. In this section, general discretization plans for the
first spatial derivatives and second spatial derivatives of field values and boundary conditions
adopted for this problem are introduced. More details of discretization and solution algorithm
for a discrete formof governing equations (1) to (3) can be found in reference [1°],

3.2.1. SPH formulation

The SPH method is based on the interpolation concept. Fora random function of the field
such as u, the value, which is interpolated (u) for the neighboring particles values uj, can be
calculated using the following equation:

(u(r)) =Y jwjuW( —1,h) (4)
where, wjdenotes the volume or weight of particle j, r denotes the position vector, W denotes
the kernel or smoothing function and h denotes the circular compactsupport radius.

Here, the quantic Wend land function [**1is used. For obtaining the first derivative’s
numerical approximation (u); the following equation can be used [*2!:

(Vw); = X; w;B. VW;(w; — uy) (5)
where, W =W (i — rj,n) is the value of smoothing or kernel function of particle i at the position
of particle j. Also,

Bi = —[a)]rl]VWU]_l (6)

is a renormalization tensorin which rij = r — rj shows the distance of i and j particles. For the
second derivative, a consistent scheme is used,

~ Uil
(A VU)l = Bi: Z] 2(1)]' eijVWl-j (# — eij.Zj (Uj (ul- — u])BlVWU> (7)
wherer; = |ry| and e;; = fij/rij is a unit vectorin the direction of inter-particle.

It is noticeable that (u) is calculated as in Eq. (5) and B is a new renormalisation tensor for
the second derivative calculated by
Bi:[Xwimjeije VWi + (X w) ei5e; VWi ). By (X wj1ijm; VW) = =1 (8)

3.2.2. Boundary conditions

Since the domain is geometrically periodic and the Reynolds' number of the flow is very
small, the modified pressure and velocity P = P + pgx of the domain can be treated using some
finite number of solid grains with periodic boundary conditions on all outer boundaries. Figure 3
shows a sample of the computational domain. In this figure, also the initial arrangement of
SPH particles can be seen. Here, dark dots are fluid particles and lights are solid particles,
which represent the wall boundaries of grains.
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Figure 3. A Sample of computational domain with initial arrangement of SPH particles. All outer boun-
aries (solid lines) are treated as periodic boundary conditions in mass and momentum equations

Each SPH particle exiting the right-hand boundary enters at the corresponding point from
the left boundary with the same properties including velocity and modified pressure. However,
this condition cannot be applied for the concentration of asphaltene flocs C. The entering SPH
particles fromthe left boundary necessarily bring the particular amount of asphaltene flocs Gy
that is defined using the thermodynamic properties of the injected heavy oil.

3.2.3. Wall boundaries and precipitation

In the momentum equation (2), the surfaces of grains are treated as a no-slip condition.
Since the velocity of the fluid particlesis similar to the wall, consequently their acceleration is

equalto zero. Then we have:
VP
=g (9)
where n denotes the unit vector.
The unit vectoris normal to the wall, which is obtained by summing the kernel gradients.
It can be shown as follow:
) w VWi

= 10
L |Zj0)jVWij| ( )

Hence, assuming the location of particle i on the wall, one can conclude that its velocity is
apparent (that would be zero for the fixed wall) and the pressure for the next step (P "*?!) can

be found from,
pn+1
Zja)j—ﬁlTB.VVVij ni—gn;

n

Pin+1: < (1)

(Zj w]ﬁLUB.VVVi]’)TLi
here jdenotes all particles in the neighboring of particle i, which includes the particles on the wall.
Thus, calculation of the new time-step pressure P'*! needs a limited number of iteration
(i.e., 3 iterations) with wall particles [*°1, When an asphaltene floc approaches the walls of the
grains, it may settle down depending on its velocity and concentration of asphaltene near the
wall. Here, precipitation of asphaltene floc in the porous medium is simulated using some
rules. An SPH particle deposeson the wall provided that:
¢ Its asphaltene concentration Cis higher than a critical value Ce;
e The distance to the nearest particle on a wall or a deposed SPH particle is less than h;
e Its velocity magnitude V is less than a critical value V.
After a particle was deposited, its velocity is set to zero, and the viscosity is enlarged by
ten times to better simulate the properties of the deposits.

4. Numerical results

The aforementioned problem was solved numerically using the SPH method described in
the previous section. Physical properties and numerical parameters of the problem are
summarized in table 3 where Courant numberis defined as C.= cAx/At in which Axand At are
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initial spacing between SPH particles and time-step size, respectively. In this case, using Ax
= 4.17 x 107®* m leads to approximately 7700 SPH particles. The initial arrangement of
particles is illustrated in Figure 3. The kernel function for smoothing radius (h) is selected as
2.5 Ax in this simulation, which for each particle; it is equivalent to approximately 20 neighbors.

Table 3. Physical properties and numerical parameters of the simulated problem

Parameter Symbol Value Unit
Diameter of grains D 2.0%¥104 m
Grains spacing S 2.5%10¢ m
Fluid's density p 103 kg/m3
Fluid's viscosity u 1073 Pa.s
Diffusion coefficient b 1077 mm?2/s
Body force acceleration G 102 m/s?
Critical velocity Vo 2.0*10 m/s
Artificial speed of sound C 0.2 m/s
Courant number Cr 0.3 -

The obtained results of asphaltene flocs concentration are shown in Figure 4. In this figure,
the contour plot of the fraction of asphaltene flocs concentration C to the inlet value Ci, is
illustrated for six different times after injection. In early times, two channels are formed up
and down the grain, and the fluid preferred to flow thorough these channels. Thus, the domain
can be divided into high-speed regions, i.e., these channels and low-speed regions which
include the spaces between the grains in the middle of the domain horizontally. In high-speed
regions, the dominant effect is advection while in the latter diffusion effect is more significant.

/"’- \A:‘:’.'“ \ _

Adh &
/*‘\j 4 4B 4
we
/’“\ - 4 4
e W W W W
Yy © 9 F‘?

I"
:\ -
\

(=504 o, Dl W v \..x
Figure 4. The results of normalized concentration Figure 5. The results of asphaltene flocs
of asphaltene for different times precipitation during time. (Dark particles

represent asphaltene deposits.)
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In early times, two channels are formed up and down the grain, and the fluid preferred to
flow thorough these channels. Thus, the domain can be divided into high-speed regions, i.e.,
these channels and low-speed regions which include the spaces between the grains in the
middle of the domain horizontally. In high-speed regions, the dominant effect is advection
while in the latter diffusion effect is more significant.

At t =1.0 s the front of injected fluid reaches the outlet boundary, and after that, the
diffusion effect extends the influenced region to the whole domain slowly.

The particles near the walls have a chanceto be deposited because of their low velocity if
their concentration were higherthan the critical value C. In this simulation, C- was selected
as 0.5 Gin. Figure 5 indicates the amount of deposited SPH particles in the numerical results
by dark dots. In this figure, it can be seen that after a certain time asphaltene flocs
concentration of the particles near the wall of the first grain reaches the critical value C¢ and
they settle down. For more clarity, the above results are also shown in Figure 6 for the first
grain (periodic cell). In this figure, in addition, velocity vectors of the SPH particles are
illustrated. It can be seen that in the earlier time (t < 2) asphaltene flocs gradually settle on
the surface of the grain. Then, it develops a stable layer. After this time, any floc added to the
deposited layer is removed by the shear stress of the flowing fluid. The same phenomenon
occurs forthe other gains with a certain delay, which can be recognized in Figure 5.

t=02s t=10s t=20s

Figure 6. Particles distributions and velocity vectors for four different times around the first grain.
(Dark particles represent asphaltene deposits.)

5. Modeling and discussion

To determine the permeability change using the results of numerical simulations one should
average the velocity field V overthe spatial domain to obtain Darcy's velocity u which in the
disc reteNform is,

i Viwg
= ittt
u TN w;
where @ is the porosity of medium, which in this caseis equal 1 — mD?/4s% = 0.50. Then
Darcy’s law for the averaged volume reads
K ==£ (13)

Py
where ux is the x; component of Darcy's velocity, and K is the (absolute) permeability.

(12)

5.1. Permeability change for a single cell

The above procedure was done for the obtained numerical results of the previous section
forevery time-step, and theresulted permeability is plotted versus time in Figure 7. To better
show the evolution of the permeability, in this figure, it is normalized by using the initial value
of the permeability of the medium Kiit.

In Figure 7, three regions can be recognized. The schematic diagram of these regions
(based on Figure 7) is shown in Figure 8 for an arbitrary periodic cell in the medium. In the
first region (I), no precipitation has been formed. In this region, the local permeability of the
intended cellis constant, and it is equal to the initial permeability of the medium Kinic in single-
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phase flow of oil. At a certain time t;, the precipitation of asphaltene is begun. Here, it is
denoted as the onset of permeability changes.

The local permeability in the region (II) is strictly descending. The rate of this process
decreases as thetime passes. Thereason is the increase in velocity caused by decreasing the
cross-section of flow. It also causes some depositedflocs to be removed from the surface of
the grains. Therefore, after a certain time (t) the asphaltene precipitation process will be
stable.

Consequently, the net rate of precipitation will be zero. In this state, the flow in the consi-
dered cell becomes steady. Then, the region (III) is begun. In this region, the local permea-
bility is constant and equal to Ksin.

It must be mentioned that the above behavior occurs under conditions when the flow rate
is kept constant. Otherwise, the third region is not formed. Meanwhile, it is likely that the
porous media become blocked completely. In addition, in the constant flow rate conditions it
is concluded that for one alternative media the parameters in Figure 8. 1, Kinit and Ksn are
almost the same for all cells. Their differenceis only the time of beginning the second region
ti. Let consider the normalized permeability for the celli be Ki/Kint = fi (t). Then

= fia(t = 80) = fo(t = iaD) (14)

where fy (t) is the permeability change function for the first grain (cell). It is supposed that to =O0.
In addition, At is the time between the onsets of permeability change fortwo adjacent cells,
i.e., At = t; — ti—1. Note, the difference between t and At. The value of At may be assumed to
be equal to the time it takes for the flow to pass through a cell. That is At = s/ux. A suitable
relation, which fits well with the aforementioned model, is

—L 1

Ko 1+5mlizf—<1+tanh(a (Zt;ti—1)>> (15)

Kinit

where a is a tuning parameter which is set here to 3. For the numerical results in Figure 7
and the other parameters are Kin/Kinit =0.17 and © =5 s.
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5.2. Permeability change for a slim tube

The above modelis appropriate for only one cell in the medium. For a slim tube with nume-
rous grain arranged in series, the permeability of each cell at a certain time should be
averaged. In the following, an averaging process is presented to obtain a model for the per-
meability change fora slim tube based on the numerical results and modeling of the previous
sections.

If Ku(t) is the average permeability of a porous medium including n periodic cells and since
the cells are series it follows:
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1 _ 1 n—-1 1 _ 1 n—-1 1
I?n(t)_nKinitZ"=° Ki(t) nKine Lizg fi(t) (16)

Regarding the periodic property of f(t) in Eq. (14) the sumin Eq. (16) can be rewritten as
one integral approximation as
Kinit nAt _dt
Kn(t) nAt fO Fo(t—1t) (17)
where Kyt is also the initial permeability of the slim tube. Then by replacing the value of At =
s/uy and changmg the variable one has
Kn(t) o

—an (18)

Kinie ™~ e fo1 s
in which L = ns is the length of the tube. By defining
t d77

— 19
® =y 0 Fotm) (19)
Eq. (18) can be simplified as,
Kn(t) o
KLTLLt F(t)_F(t_T)

(20)

where T = L/u, is the time needed for the flow to pass through the slim tube. Now by
substituting the new model presentedin Eq. (15) for a cell in Eq. (20) one can conclude that

Kn(t) 1 Kine

Koie ( Cosh(a(zg_l)) ) where —m —-1/2 (21)
cosh(a(zg— 1)>

This equation simply relates the macro-scale average permeability of a slim tube to the
pore-scale parameters Krin/Kinit and t.

Using this up-scaling process the macro-scale permeability reduction of a porous medium
can be predicted using pore-scale data. For example, using the previous data of Figure 7 the
permeability reduction plots of two "short" and "long" slim tubes with T = 100s and T = 500s
are shown in Figure 9. In this figure, it is observable that for the "short" slim tube (T = 100s)
the permeability decreases during the time until the front of the injected asphaltene reaches
the end of the tube (t = T). Afterthat, the whole tube is at a stable condition with deposited
asphalteneg, so the permeability reaches its final value K.

' |
M T =100s
e
08

SN T

TN T
N e

K/Kinit
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t

Figure 9. The results of permeability reduction of versus time based on the pore -scale simulation results
for two slim tubes with T = 100s and T = 500s
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For the "long" slim tube (T = 500s) (is shown in Figure 9), the time of the supposed
experiment in Figure is not enough to reach the final stable condition. Thus, the permeability
is strictly reducing during the experiment. This is more common in the real experiments. The
same trend can be seen forinstance in the works by Ashoori et al. [*31and Alizadeh et.al. [*4],

For such conditionsin which T K1 <K T the Eq. (21) can be simplified more as
Kn(t) ~ 1 Kint
= — =t_1/2 22
Kinit 1+ﬁr1t~ E Kfin / ( )
This relation has only two parameters 8and L and the first parameter belongs to the pore-
scale phenomena while the latteris just a property of the flow in the slim tube.

6. Conclusion

In the current work, asphaltene precipitation in the granular porous medium was simulated
in pore scale using an improved version of the Lagrangian particle-based method SPH. Using
the numerical results of pore-scale simulation a model for the permeability reduction versus
time (Eqg. (15)) was developed for a single grain (periodic cell). Based on this model and using
an up-scaling process another relation (Eqg. (21)) was presented which describes the evolution
of the permeability of a slim tube during precipitation of asphaltene. The main outcomes of
this study can be expressed as below.

The results of the SPH method in the pore-scale simulation properly show the physical
behavior of the flow including asphaltene flocs concentration velocity and pressure fields. In a
constant flow rate, a repeated phenomenon for each grain can be recognized in which a
deposited layeris gradually developed and reaches the steady state.

v" A hyperbolic function model (Eqg. (15)) can describe the evolution of the permeability of a
single grain (periodic cell) during precipitation of asphaltene. In this function, there are two
parameters; final to initial permeability Krn/Kint and characteristic time of precipitation T
that should be evaluated through pore-scale simulation.

v' By up scaling the model of a single grain the time evolution of the permeability of a slim
tube or similar porous media is obtained. Here the suggested model (Eq. (21)) just needs
the length of the tube and Darcy's velocity in addition to the aforementioned Pore-scale
parameters.

v' For enough long slim tubes, the model can be simplified to the form, which fits well with
the laboratory experiments. The proposed models describe the permeability change with
no need to know the changes of porosity.

v' The developed model simulates the permeability reduction in flooding tests using computer
code. The model provides good fit fromthe experimental data, which is an indication of the
reliability of the developed model.
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Abstract

Laboratory and industrial research confirm that decrease in the coking properties of bituminous coal
with a high level of fluidity (HFC) when itis presentto excess in the coking blend improves the strength
of blast-furnace coke. If coal blend containing >70% HFC is crushed until its content of the < 3 mm
class is 90%, the crushability M25 may be increased by 1.8%, with a decrease in the abrasion strength
Mioby 0.8%. This behaviormay be explained in thatincreasein the specific surface of the coal particles
reduces the fluidity of the plastic mass and hence increases its viscosity. Consequently, the residence
time of the gaseous products in the plastic zone increases. That results in the formation of a large
quantity high-molecular gas, creating higher expansion pressure. The overall outcome is greater utili-
zation of the destruction products as plasticizers; the formationof an additional liquid from the gaseous
products within the grains; and improvement in the contact conditions.

Keywords: coal blend; coal with a high level of fluidity grindability; coking properties; coke strength.

1. Introduction

In previous work, we analyzed the reasons for the decline in quality of the coke produced
at ArcelorMittal KryvyiRig [*-51, They include the purchase of coal concentrates froma multi-
tude of suppliers; theinstability of the coke supplies for coking (sometimes as many as 60-80
changes in blend composition within a month); incorrect selection of the optimal degree of
blend crushing (that is, the content of the <3 mm class), so that the packing density of the
blend and the content of the poorly coking 0-0.5 mm class in the blend are not optimal with
varying rank composition of the blend; elevated moisture and ash content of the blend sent
for coking; and very variable coal and blend quality.

Attemptsto improve blend preparation with the coal supplies currently available in Ukraine
entail selection of the optimal degree of crushing of coal blend with a very high content of HFC €],
Since the content of the <3 mm class varied from 76 to 89% in coke production at Arcelor-
Mittal Kryvyi Rig, while the content of HFC (bituminous coal) varied from 56 to 89%, it is of inte-
rest to analyze the influence of these two factors on coke quality. If the content of HFCin t he
blend is 70-89%, the strength of the coke increases with increase in the degree of crushing.
If the content of the <3 mm class in the blend is increased from 76 to 89%, with a corres-
ponding increase in the <0.5 mm class from 37 to 47%, Mxs increases from 85.6 to 87.3%,
on average.

Obviously, if the content of HFC in the blend is too high to permit the production of coke
with satisfactory strength, we must reduce the coking properties of the blend by further crushing.
Note that the crushing of valuable HFC to reduce its coking properties should be regarded as
a last resort to improve the coke quality when the content of the HFC in the blend is excessive.
In other circumstances, it cannot be recommended for use in the preparation of coking blend.
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It is expedient to investigate why the strength of the blast-furnace coke produced from a
blend with >70% HFC improves if the content of the <3 mm class in the blend is increased
from ~80 to ~90%. We will also study the changein the strength of the coke produced from
a blend with <70% HFC.

2. Experimental

In the experiments, we use concentrates obtained from coal of different ranks available in
Ukraine: Taltek (Russia); Kievskaya (Ukraine); Cherkasov Kamen’ (Russia); and Kalinovskaya
Vostochnaya (Ukraine).

Tables 1-3 present the technological properties, petrographic characteristics, and granu-
lometric composition of the coal concentrates. Note that, since the experiment is conducted
in two stages, we use two samples of Kievskaya concentrate and two samples of Kalinovskaya
Vostochnaya coal. We know that oxidation of the coal samples has a considerable influence
on their properties [7-°1, Therefore, we use only unoxidized coal (At < 6°C).

Table 1. Technological properties of coal concentrate

Proximate analysis, Thickness of Hardgrove Oxidation
% plastometric lager, grindability,un. index, °C

Component; country mm

A? S9 vdaf X HGI At
Taltek’ coal; Russia 8,7 0,51 36,5 10 53 3
Kievskaya coal; Ukraine, 8,8 1,56 31,2 22 76 2
sample 1
Kievskaya coal; Ukraine, 8,7 1,57 30,9 22 78 1
sample 2
Kalinovskaya 8,2 1,41 21,6 16 98 3

Vostochnaya coal;

Ukraine, sample 1

Kalinovskaya 7,7 1,64 21,5 16 91 2
Vostochnaya coal;

Ukraine, sample 2

Cherkasov Kamen’ coal; 9,6 0,53 27,9 14 67 1
Russia

Table 2. Petrographic characteristics of coal concentrate

Mean
Component; P etrographic composition (without vitrinite L . - . .. o
country mineral impurities), % reflection Distribution of vitrinite reflection coefficient, %
coefficient,
%
0.50- 0.65- 0.90- 1.20- 1.40- 1.70-

[ L 2 Ro 064 089 1.19 139 1.69 2.59
Taltek’coal; 710 27 2 27 0,63 63 37 0 0 0 0
Russia
Kievskaya coal;
Ukraine, sample 1 90 0 8 2 8 1,04 0 7 79 14 0 0
Kievskaya coal; 91 0 8 1 8 1,04 0 3 95 2 0 0

Ukraine, sample2
Kalinovskaya
Vostochnayacoal; 92 0 8 0 8 1,33 0 0 6 72 22 0
Ukraine, sample 1

Kalinovskaya

V ostochnaya coal; 90 0 10 0 10 1,40 0 0 3 49 48 0
Ukraine, sample 2

CherkasovKamen' g, 43 0 43 0,99 0 15 85 0 0 0
coal; Russia
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Table 3. Granulometric composition of coal concentrates

Mean
. particle
ComIBonEnt; Granulometric composition (%) by class (mm) diameter
country ’
mm
>25 13-25 6-13 3-6 1-3 0.5-1.0 <0.5 <3 dme
Taltek’coal; 19.1  16.7 16.4 16.6 14.1 6.0 11.1 31.2 13.00
Russia
Kievskaya coal; 0.8 2.5 7.0 29.7 24.8 352 89.7 1.57
Ukraine, sample 1
Klevskaya coal; - - 5.0 9.2 21.7 23.4 40.7 85.8 1.60
Ukraine, sample 2
Kalinovskaya - 1.3 3.9 111 227 149 46.1 83.7 1.80
Vostochnaya oal;
Ukraine, sample 1
Kalinovskaya _
Vostochnaya wal; 1.9 5.1 14.3 19.5 19.1 40.1 78.7 2.10
Ukraine, sample 2
Cherkasov
Kamen’ coal; 9.1 14.2 9.7 13.8 19.9 9.1 24.2 53.2 8.18
Russia

Analysis of Tables 1-3 indicates that the coal samples may be divided into two groups.

1. Taltek and Cherkasov Kamen’, characterized by an elevated content of fusinized compo-
nents (27-43%), poor coking properties (y =10-14 mm), and low Hargrove grindability (53-
67 units). Coalin this group contains 33.0-52.2% of the >6 mm class and no more than 31.2-
53.2% of the <3 mm class.

2. Kievskay and Kalinovskaya Vostochnaya, which are petrographically uniform ( 2FC < 25%),
with good coking properties (y = 16-22 mm) and Hardgrove grindability of 76-98. 2 units.
Coal in this group contains 3.3-7.0% of the >6 mm classand 78.7-89.7% of the <3 mm class.

Table 4 presents the composition of the experimental blends. Blends 1-3 correspond to the
actual blend composition used in coking at a Ukrainian plant, with 42% Kievskaya coal. In
other words, the content of HFCis significant but less than 70%. In blends 4 and 5, the content
of Kievskaya coal exceeds 70%; in fact, it is 80%. That may be due to temporary disruption
of normal coal supplies to the plant.

Table 4 Composition of coal blends

Blend, %

Batch component; country 1-3 4,5
Taltek’ coal; Russia 35 15
Kievskaya coal; Ukraine, 42 0
sample 1
Kievskaya coal; Ukraine,
sample 2 0 80
Kalinovskaya Vostochnaya 10 0
coal; Ukraine, sample 1
Kalinovskaya Vostochnaya 0 5
coal; Ukraine, sample 2
Cherkasov Kamen’ coal;

. 13 0
Russia
Total 100 100

The whole blend is crushed at once. The content of the <3 mm class is 82.7-90.3% in
blends 1-3 and 81.0-90.0% in blends 4 and 5. Increasing the degree of crushing decreases
the mean diameter of the coal particles: from1.68 to 1.45 in the first series (Table 4, blends
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1-3); and from 2.39 to 1.56 mm in the second series (blends 4 and 5). Table 5 presents the
granulometric composition of the experimental blends. Table 6 presents their technological
properties, while Table 7 summarizes their petrographic characteristics.

Table 5. Granulometric composition of coal blends

Mean particle diameter,

Blend Granulometric composition (%) by class (mm)
mm
>3 1-3 0.5-1.0 <0.5 <3 dme
1 17.3 34.5 17.3 30.9 82.7 1.68
2 13.5 38.1 171 31.3 86.5 1.58
3 9.7 39.9 18.8 31.6 90.3 1.45
4 19.0 49.0 14.0 18.0 81.0 2.39
5 10.0 49.0 16.0 25.0 90.0 1.56
Table 6. Technological properties of coking batches
Thickness of Expansion
Blend Proximate analysis, % plastometric  pressure, Gieseler plastic properties
lager, mm kPa
a n t, b oaxt to At F oot
d d daf 1 max so 4 max’
A S t 4 y P max oC °C °C ©c ddpm
1 8.7 1.07 31.7 16 3.4 421 451 480 59 100
2 8.8 1.06 31.6 15 3.5 421 457 481 60 119
3 8.8 1.06 31.5 15 3.7 425 456 484 59 125
4 8.4 1.41 31.3 20 4.2 408 447 480 72 335
5 8.4 1.41 31.3 20 7.4 414 447 480 66 135

Table 7. Petrographic characteristics of coal blends

Mean
Blend Petrographic composition (without vitrinite Distribution of vitrinite reflection coefficient, %
mineral impurities), % reflection
coefficient,
%
0.50- 0.65- 0.90- 1.20- 1.40- 1.70-
Ve S ! Lo At Ro 064 0.89 1.19 139 1.69 2.59
1 78 0 21 1 21 0.94 19 22 48 7 4 0
2 81 0 18 1 18 0.95 23 25 38 12 2 0
3 80 0 19 1 19 0.95 25 18 43 10 4 0
4 88 0 11 1 11 1.00 9 8 77 4 2 0
5 88 0 11 1 11 1.00 9 8 77 4 2 0

For betterassessment of how the degree of crushing affects the strength of blast furnace
coke, we determine the expansion pressure and the Gieseler plasticity of the coal blends. The
expansion pressure is the pressure applied by the coal mass in a plastic state when the free
expansion is impossible 1],

In the tests, we record the following temperatures (°C): the onset of softening ti; maximum
fluidity tmax; solidification ts,; and the plastic range At = t1 — ts.. The most important of the
measured characteristics is the maximum fluidity Fmax, ddpm (dial divisions per minute), which
characterizes the viscosity of the plastic mass.
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3. Results and discussion

Analysis indicates that the results of the proximate and plastometric analysis are practically
the same for the two series of blends. This indicates agreement of the actual and specified
compositions.

If the content of the <3 mm class is increased from to 90.3% in the first series (Table 5,
blends 1-3), the fluidity of the plastic mass increases somewhat (from 100 to 125 ddpm).
That may be due to the more uniformdistribution of petrographically distinct Taltek and Cher-
kasov Kamen’ coal particles within the blend. With the increase in the degree of crushing in
the second series (batches 4 and 5), the fluidity of the plastic mass declines considerably
(from 335 to 135 ddpm), and its viscosity increases accordingly.

In that case, we may observe the effect noted in [*1-121; if coal blend with a high content
of HFC is more finely crushed, the infusible grains are better dispersed in the surrounding
plastic mass, with consequent increase in the concentration of the disperse phase and the
viscosity of the dispersion medium. In those circumstances, the expansion pressure tends to
increase (from 4.2 to 7.4 kPa). That may be explained by an increase in the proportion of
vapor gas phase and hence in its pressure on the plastic layer. For example, a decrease in
particle size is accompanied by an increase in the total surface of the disperse phase and
decreasein the quantity of free dispersion medium, which results in increased viscosity of the
plastic mass and improved coke quality.

If we regard blends 4 and 5 as practically the same, we may agree with the conclusion in [131;
“forall coal ranks, a more fluid plastic mass is formed with greater crushing.” The increase in
fluidity of the plastic mass in HFC is due to the greater delay in the formation of liquid products
within the large grains, their tendency to plasticize the remainder of the grain, and its more
complete transition to the plastic state, according to [*3], The crushing of the coal increases
the specific surface of the particles, accelerates the evacuation of gases, and slows reduction
processes, according to [*41, The overall result increases in the viscosity of coal in the plastic state.

Since the expansion pressure reflects the gas pressure developed within a volume sur-
rounded by a plastic layer, we may expect that this pressure will increase with an increase in
viscosity of the plastic layer, other conditions being equal 151,

By increasing pressure within the plastic zone and the contact between the particles, the
increase in viscosity of the plastic mass hinders gas liberation. That extends the period during
which the destruction products are plastic. In view of the foregoing, the increase in expansion
pressure from 4.2 to 7.4 kPa when blend with a high content of HFC is more finely ground is
entirely predictable.

The next step is box coking of the coal blends. The blends are placed in 200 x 200 x 300
mm iron boxes; three boxes are used for each coking blend. The packing density is 800 kg/m?3
in all cases; the coking time is 22 h; the actual temperature in the heating channels is 1167°C
on the machine side and 1174°C on the coke side.

After coking, the boxes are cooled in water and opened. The coke is placed on trays and
dried in a chamber to constant mass. Table 8 presents the characteristics of the coke
produced.

The results indicate that the coke produced in each series is characterized by similar yield,
ash content, and total sulfur content. The volatile matter is low (0.1-0.3%). That indirectly
indicates that the coking process is over and the coke has been fully cooked.

It follows from Table 8 that, if blends containing <70% of HFC (blends 1-3) are more
intensively crushed, the resultant increase in strength of the coke is slight. That is consistent,
in particular, with the slight increase in expansion pressure (from 3.4 to 3.7 kPa). The
crushability M2 increases by 0.4-0.6%, with a decrease in the abrasion strength M;oby 0.1-0.2%.
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Table 8. Characteristics of the coke produced

Blend CO;:;’ ’ﬁ,'/f'd Proximate analysis, % srr:fmgetla,lci/lo
A? S% Vol M35 Mjo
1 74.5 11.7 0.90 0.1 90.9 7.7
2 74.6 11.8 0.89 0.2 91.3 7.6
3 74.5 11.7 0.87 0.1 91.5 7.5
4 74.8 11.2 1.19 0.3 89.3 8.4
5 74.9 11.3 1.21 0.2 91.1 7.6

In the present case, the increase in coke strength may be attributed to decrease in the
local stress due to the coking of coal particles with different petrographic composition and
hence volatile matter, thermal stability, and the physical properties 141,

If blends containing >70% of HFC (blends 4 and 5) are more intensively crushed, we note
a considerable increase in the strength of blast furnace coke: the crushability M»sis increased
by 1.8%, with a decrease in the abrasion strength M;o by 0.8%.That is due to the considerable
increase in expansion pressure (from 4.2 to 7.4 kPa). On account of the increasein viscosity
of the plastic mass, the residence time of the gaseous products in the plastic zone increases.
That is associated with the formation of a larger quantity of high molecular gases, which create
higher expansion pressure.

Therefore, in this case, the improvement in coke strength is predominantly due to increases
in the expansion pressure of the coal blend, which results not only in the greater use of the
liquid destruction products as plasticizers but also in the formation of an additional liquid from
the gaseous products within the grains. That is associated with better softening of the coal
grains and more complete contact betweenthe grains (in some cases, their coalescence) €],

Thus, we have studied how greater crushing of coal blend with a high content of HFC affects
the properties of the plastic mass and the mechanical strength of the coke formed. Our
research illuminates the factors responsible for the increase in the coke strength and confirms
that, as previously determined by analysis, a decreasein the coking properties of HFC when
it is present in the blend in excessive quantitiesimproves the strength of blast -furnace coke.

Symbols
Ad ash content of coal in the dry state, %,
S sulphur of coal in the dry state, %,
\daf volatile matter in the dry ash-free state, %;
y thickness of the plastic layer, mm;
HGI hardgrove grindability index, units;
At oxidation index, °C;
vt vitrinite, %;
Sv semivitrinite, %;
I inetinit, %;
L liptinite, %;
>FC sum of fusinized components, %,
Ro mean vitrinite reflection coefficient, %,
dme mean diameter of coals particles, mm;
Phmax expansion pressure of coal (blend), kPa;
t1 temperature of the onset of softening, °C;
tmax temperature of maximum fluidity, °C;
tso temperature of soliditication, °C;
Fmax maximum fluidity, ddpm;
Mzio, M2s indices of resistance of coke abrasion and crushability, respectively, %.
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Abstract

The article contains experiments on the extraction of carbon nanostructures from coal and coal
carbonization products, namely, coke, pith coke, coal tar pitch, coke dust and carbon deposits from
coke and coke-pitch chambers were carried out. With the help of transmission electron microscopy
method extracted carbon nanostructures were investigated. The rationale of the derived nano-
structures technologic origin is given in this paper. It was found that the average nanoparticle size in
the suspension is 40 nm. Itis shown thatin coke and carbonizations products nanoparticles including
nanotubes have beenrevealed. Nanotubes in coke and other coking products are supposedly formed
in coking chamber in the course of carbonizing coals. In the coals studied spherical and elongated
carbon nanostructures (supposedly two-phase) were found. Their composition and origin are not yet
clear. During storage of nanoparticles suspension from coal and carbonization products, the processes
of self-organization of carbon nanostructures are processing to form fractal structures.

Keywords: carbon nanostructures; coal; coke products; suspensions; electron microscope.

1. Introduction

At present, the main ways to produce carbon nanostructures (CNS) are arc methods, laser
ablation and chemical vapor deposition (CVD). The range of materials used as precursors is
widening by years. However, the use of coal as a precursor material to produce CNS is of
special interest. Due to its characteristic features and structure as well as vast resources coal
is very promising as a raw material source to obtain CNS.

CNS is produced fromcoal since 1991 [*], and considerable success has recently been made
in the production of one-wall, two-wall and multiwall nanotubes [2-111, The main method of
CNS synthesis from coals lies in using coal to produce electrodes substituting for graphite in
the arc synthesis. Coal electrodes are made by carbonizing coal mixed with a binder and a
catalyst at temperatures of 900 - 1200°C.

At the same time, we believe it reasonable to consider coal carbonization products (coke
and other products) as a source to obtain CNS. If one compares the main features of CVD
reactors and those of coke ovens a conclusion can be made that in a coking chamber especially
in its upper part (referred to as oven headspace or gas collecting space) the operating
conditions similar to CVD reactors are actually existing. Fig. 1 shows a schematic diagram of
a CVD reactor and the headspace of a coking chamber. It is evident that a temperature range
in the oven headspace falls within that used in CVD reactors. Hydrocarbon raw materials
decompose on a catalyst to form CNS on its surface and in the whole space of the reactor. In
a coke oven, there are hydrocarbons releasing from the coal charge during coking. Mineral
components of a coke can serve as a catalyst and silica of refractories may be a catalyst On
the surface of brickwork. Supposedly, it is CNS deposited on the surface of coke oven walls
that initiate carbon deposition in coke ovens.
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Coke oven chamber

Heat-resistant ceramics
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Chamber temperature 850-1000 °C.

Chamber temperature 500-1000 °C.

Fig.1 CVD reactor and coking chamber
2. Experimental

In order to check the supposition that CNS can be formed in a coking chamber like in a
CVD reactor we have investigate carbon-containing materials of various kinds, namely coke
from coal, carbon deposits in coking chambers, coal tar, mediumtemperature pitch, pith coke,
deposits in pitch coke ovens, as well as dust from dust free pushing (DFP) units and dry coke
quenching (DCQ) units. In addition, samples of coking and fat coals (key components of the
coal blend for production of coke) were examined in order to check whether CNS could be
introduced into the coking chamber together with the coal charge.

The characteristics of the samples used are presentedin Tab. 1-3.

Table 1. The characteristics of the coals

Coal used A9, % S%, % vaar o

Bituminous coal 2.9 1.04 34.4

Coke-grade coal 2.8 0.64 28.9

Table 2. The characteristics of the coal carbonization products
Samples A, % S, % vaaf oy

Coke from coal 12.1 0.95 1.7
Carbon deposits from coking chamber 3.1 1.46 0.9
Pitch coke 0.6 0.54 0.6
Carbon deposits from pitch coke chamber 0.3 0.62 0.4
Dust from DCQ unit 14.3 0.82 1.1
Dust from DFP unit 11.0 0.99 3.4

Table 3. The characteristics of the coal tar and the coal tar pitch

Samples W, % A, % S, % V, % D, kg/m3 a, % o1, %
Coal tar 1.3 0.14 0.45 - 1177 6.7 1.9
Coal tar pitch - 0.27 0.56 56.2 1281 20.4 5.6

The samples crushed to < 0.2 mm were dispersed in distilled water by ultrasonic and
separated in a centrifuge. Coal tar samples were heated to turn them into a flowing state.

After centrifugation, the solid precipitate was removed, and the centrifugate was studied.
Light dispersion in a beam of red laser with a wavelength of 405 nm (Tyndall effect) was used
as a test forthe presence of nanoparticles.

The concentration of nanoparticles in their suspensions was measured by weight after
evaporation of water. CNS were identified by transmission electron microscope (TEM).
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3. Result and discussion

The centrifugate of all samples studied exhibited the Tindal effect. This means that all water
suspensions of the tested samples contained particles the size of 40 nm and higher (0.1 of
the wavelength of light). Nanoparticles in water suspensions are not stable, and during
storage, they aggregated to give filaments, whiskers and the like visible by the naked
eye. The content of particles in suspensions is presentedin Tab. 4.

Table 4. The content of nanostructures in suspensions

Content of CNS,

SRRl % of sample weight
Coke from coal 0.1
Carbon deposits from coking chamber 1.8
Coal tar 1.4
Coal tar pitch 1.0
Pitch coke 1.3
Carbon deposits from pitch coke chamber 1.9
Dust from DCQ unit 1.2
Dust from DFP unit 0.4

The amounts of CNS presented in Table 4 were obtained by a single treatment of the sam-
ples by ultrasound.

The lowest quantity of CNS was found in coke and coke dust after dry quenching. Possibly,
CNS concentrate on the surface of coke lumps, and due to abrasion, they come to dust in DCQ
unit where theiramount is four times higher.

A considerable amount of CNS in the dust from DFP units is explained by the fact that this
dust by its structure is nearer to pyrocarbon than to coke and possibly the bulk of this dust is
a product of carbon clusters condensation which forms CNS. Condensation of carbon clusters
from the gaseous phase is occurring also on oven walls, and at our suggestion, this is one of
the main causes of carbon deposition in a coking chamber.

Probably, part of clusters is carried over by coke oven gas. When gas has cooled the clusters
associated and come to coal tar. It is in this way that one can explain the occurrence of CNS
in coaltar. Some quantity of CNS comes from coal tarto the tardistillation products, but the
major part probable remained in pitch.

4 &f&})ﬁ? A little amount of CNS is determined in

S pitch coke and carbon deposits in a pitch

~ |coke oven. This can be explained by the

secondary formation of CNS when coking

pitch. In other words, CNS is formed both

in coke oven chambers and in pitch coke
chambers.

Figures 2-7 show photographs of CNS
obtained from water suspensions of various
carbonization products. Practi-cally in all sus-
pensions, there are nano-particles of the
shoot. This can be explained by unsatis-
factory separation of solid particles in the
. centrifugalfield of the centrifuge used.

i “ As shown in Fig. 2-7, CNS in the coals

= |(m“r;under study as well as in coking products

are rather different and can be

Fig. 2 CNS fractal structure from coke distinguished by their shape, struc-ture,
and size.
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TEM

100KV x120000 10nm

b

Fig. 3. CNS from carbon deposits in coking cham-
ber: (a) foam-shape particles; (b) and (c) car-
bon nanotubes

<

TEM 100LY 380000 10nm

TEM 100kV : x12000 i ﬂywll)l)nm
Fig.4. CNS from pitch: (a) spherical two-phase nanoparticle, (b) fractal “assemlage”

CNS in the form of nanotubes have been found in coke (Fig. 2), in dust from DCQ units, in
carbon depositsin coke ovens (Fig.3, b-c) and pitch coke ovens, in dust from DFP units (Fig. 5)

and in pitch coke (Fig. 6). In pitch coke, there were found helical CNS of about 360 nm in

diameter which may be the products of self-organization of carbon nanotubes during storage
of suspensions.
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TEM 100KV x25000 100nm TEM 100KV x25000 100nm

Fig.5. CNS from dust in DFP units: (a) fractal structure; (b) nanotubes

TEM 100kY x8000 1pm TEM 100kV x12000 100nm

Fig. 6. CNS in pitch coke: (a) helical nanotubes, (b) nanotubes with adsorbed spherical two -phase
particles

—_—

TEM 100kY X25000 100nm TEM 100KV 25000 100nm

Fig.7. CNS in coals: (a) in bituminous coal; (b) in coke-grade coal

In the coal, samples studied nanotubes have not been found that gives good grounds to
believe that nanotubes in coke and carbonization products are forming in coking chamber in
the course of carbonization.

Pet Coal (2018); 60(4): 612-617
ISSN 1337-7027an open access journal

616



Petroleum and Coal

Nevertheless, in coals, CNS has been also revealed. These are two-phase nanoparticles
with the core and shell which aggregate in the process of self-organization during storage of
suspensions to form longer nanoparticles. All the particles in coals are of crystalline nature
that is shown on diffraction patterns.

4. Conclusion

Examination of the results obtained during the determination of CNS in coke and other
carbonization products permits the following basic conclusion:
1. In coke and carbonizations products nanoparticles including nanotubes have been revealed.
Nanotubes in coke and other coking products are supposedly formed in coking chamberin the
course of carbonizing coals.
2. In the coals studied spherical and elongated CNS (supposedly two-phase) were found. Their
composition and origin are not yet clear.
3. During storage of nanoparticles suspension from coal and carbonization products, the
processes of self-organization of CNS are processing to formfractal structures.

Symbols

w moisture in the analysis sample, %;

A ash content, %,

Ad ash content in the dry state, %;

v volatile matter, %,

Vdaf volatile matter in the dry ash-free state, %,

S sulphur content, %;

Sdt sulphur in the dry state, %;

D density, kg/m3;

o mass fraction of substances insoluble in toluene, %;

ol mass fraction of substances insoluble in quinoline, %.
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Abstract

Six (Jojoba-Divinyl Benzene-Alkylacrylate) and five (jojoba-divinyl benzene-a-olefins) ABC miktoarm
star terpolymers were prepared by free radical polymerization using (1: 0.2: 1.8) molar ratios. The
prepared terpolymers were characterized using FT-IR and 'H-NMR analysis. The weight average
molecular weight Mw, the number average molecular weight Mn and the poly-dispersity index PDI
were determined from GPC (gel permeation chromatography). Thermal properties (DSC and TGA
analysis) of the preparedterpolymers were determined. The morphology of the prepared starpolymers
were done using SEM (Scanning Electron Microscopy).

Keywords: Miktoarm Star polymers; jojoba, divinyl benzene; alkylacrylate; thermal analysis; SEM.

1. Introduction

The preparation of polymers with well-defined forms of branching has posed a challenge to
polymer chemists for many years. Star-branched polymers consisting of several linear chains
linked together at one end of each chain constitute the simplest form of branching. Perhaps
the earliest attempt to synthesize such molecules was that of Shaefgrenand Flory [*1; who poly-
merized e-caprolactamin the presence of either a tetra-functional or an octa-functional carbo-
xylic acid to produce polymers of the type (R - CO(NH(CH)s CO)n-OH)x where x =4 or 8. Another
technique has been used which involves divinylbenzene as coupling agent [2-41, Star-shaped
polymers are characterized as structures in which all the chains of a molecule are linked
together to a small-molar-mass core. Theinterest in star polymers arises not only fromthe fact
that they are models for branched polymers but also fromtheir enhanced segment densities [51,

Miktoarm star polymers, in general, are defined as star polymers with at least three arms
of molecular weight, chemical or topological asymmetry (Scheme 1) €1, Various review articles
dealing with the synthesis of miktoarm star polymer systems were published during the last
two decades, highlighting the interest in such complex materials and their high potential [6-11],
However, in the following, the main focus will be set on ABC miktoarmstarterpolymers, which
display the corresponding branched analogues of the intensively studied linear ABC triblock
terpolymers [12-181,

o, RS K

ABCDE AgBs (AB),C AA‘B  (AB),(BA),

Scheme 1. Examples of miktoarm star polymers with chemical (ABC, ABCDE, AeBs, (AB)2C)), molecular
weight (AA"B) or topological asymmetry ((AB)2(BA)2).
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In the present work, eleven miktoarm stars branched terpolymers were prepared by free
radical polymerization and elucidated using FT-IR, *H-NMR, and the average molecular weight
was determined using GPC. Thermal analysis (DSC and TGA) were determined; while morpholo-
gies of polymers surface were determined using SEM.

2. Experimental
2.1. Materials

Divinylbenzene (DVB), 79%, acrylaic acid 97%, octyl alcohol 98.0%, decyl alcohol 99.0%,
dodecylaclcohol 98.0%, tetradecyl alcohol 97.0%, hexadecyl alcohol 98.0%, octadecyl alcohol
97%, 1-octene 98%, 1-dodecene 99%, 1-tetradecene, 97 %, 1-hexadecene 99 %, benzoyl
peroxide 98%, p- toluene sulphonic acid hydrated 97%, p- hydroquinone 99% were from
Sigma-Aldrich Chemical Company; while jojoba oil was obtained from the Egyptian Company
of Natural QOils, Egypt.

2.2. Instrumentation

The molecular weight of the prepared terpolymers was determined by using Agilent
GPC/SEC, Germany Poly Strogel, particle size 100, 104, 105A°, using tetra-hydro-furan "THF"
as a solvent. Differential scanning calorimetric thermos-grams were recorded using Simul-
taneous Q-600 DSC/TGA (USA). Calculations were made based on the corrected sample
weight. Fourier TransformInfrared (FTIR) spectra were determined using FTIR- spectrometer,
Model Type Mattson Infinity series Bench Top 961. 'H-NMR Spectrometer Type (300MHz
Spectrophotometer- W-P-300, Bruker), using tetra-methyl silane "TMS" as internal standard
and dimethyl sulphoxide "DMSO-Ds" as a solvent. The microscopic characterization of polymers
was carried out using scanning electron microscope (JEOL JSM-5410, Japan). The energy of
the acceleration beam employed was 30 KV. All micrographs were taken at a magnification
power (X 500).

2.3. Methods and procedures
2.3.1. Synthesis of alkylacrylate

Octylacrylate, decylacrylate, dodecylacrylate, tetradecylacrylate, hexadecylacrylate, and
octadecylacrylate were prepared as mentioned at literature [19-24],

2.3.2. Synthesis of (Jojoba- DVB- alkylacrylate) miktoarm star terpolymers

In 250mL three necked bottomed flask provided with a magnetic stirrerand Nz inlet, 1mole
of jojoba was added to 0.2mole of DVB and 1.8mole of alkylacrylate; the alkylacrylate used
were (octylacrylate, decylacrylate, dodecylacrylate, tetradecy lacrylate, hexadecylacrylate and
octadecylacrylate) separately, the desired amount of benzoyl peroxide was used at 80+10°C.
Afterthe completion of the reaction, the product was poured drop by drop in cooled methanol,
filtered off and dry, Scheme 2.

2.3.3. Synthesis of (Jojoba- DVB- a olefins) miktoarm star terpolymers

In 250mL three necked bottomed flask provided with a magnetic stirrerand Nz inlet, 1mole
of jojoba was added to 0.2mole of DVB and 1.8mole of a-olefins; the a-olefins used were
(octene, dodecene, tetradecene, hexadecane, and octadecene) separately, the desired
amount of benzoyl peroxide was used at 80+10°C. After the completion of the reaction, the
product was poured drop by drop in cooled methanol, filtered off and dry, Scheme 3.

3. Results and discussion

Eleven miktoarm terpolymers were prepared by free radical polymerization using jojoba,
alkylacrylate, a-olefins and technical grade divinylbenzene DVB, and benzoyl peroxid (BPO)
as initiator at 80+10°C. The terpolymers symbol, designation, feed ratio (%), and the actual
composition (%) of the prepared terpolymers are given at Table 1.
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alkylacrylate alpha - olefins

1.4 di-vinyl benzene 1,4 di-vinyl benzene

Benzoyl peroxide
80°C / N, Benzoyl peroxide
80°C /N,

Scheme 2. (Jojoba- DVB- alkylacrylate) miktoarm  Scheme 3. (Jojoba- DVB- olefins) miktoarm star
star terpolymers terpolymers

Table 1. Miktoarm terpolymers symbol, designation, feed ratio (%), and the actual composition (%) of
the prepared terpolymers

Feed Terpolymers Feed

Terpolymer Terpolymer Terpolymers

Sym bol - . ratio composition Sym bol - . ratio . o
designation (%) (%) designation (mole) composition (%)
Jojoba: DVB: 30: 6.20: Jojoba: DVB: . .
As octylacrylate 63.80 B Octene 32.12: 6.60: 61.28
A, Jojoba: DVB: 3 27.90: 6.30: B, Jojoba: DVB: 3 30.32: 6.54: 63.14
decylacrylate 3 65.90 dodecene 3
Jojoba: DVB: . 26.12: 6.46: Jojoba: DVB: . . .
As dodecylacrylate 5 67.42 Bs tetradecene > 28.16: 6.42:65.42
Jojoba: DVB: © 24.68: 6.64: Jojoba: DVB: © . .
A tetradecylacrylate & 68.68 B4 hexadecane & 25.46: 6.20: 68.34
A Jojoba: DVB: 1 21.86: 6.86: 1
5 hexadecylacrylate P 71.28 Jojoba: DVB: iy ) ]
A Jojoba: DVB: 20.66: 6.98: Bs Octadecene 24.60: 6.12:69.28
° octadecylacrylate 72.36

3.1. Characterization of the prepared ABC Miktoarm star polymers

The prepared Miktoarm star terpolymers were characterized using GPC (SEC), thermal
analysis (DSC and TGA), microscopic characterization (SEM), structural characterization using
(*H-NMR and FTIR).

3.1.1. Chromatographic characterization of the prepared terpolymers

The prepared terpolymers were characterized using GPC/SEC chromatography, Table 2. It was
found that the molecular weight increase with increasing the chain length of both alkylacrylate
and a-olefin used.
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Table 2. Mean molecular weight (Mn), average molecular weight (Mw) and poly dispersity index (PDI)
of the prepared Miktoarm terpolymers

Terpolymer Terpolymer

designation Mn Mw P designation Mn Mw PDI
A1 16660 26656 1.60 B1 1363 1664 1.22
A2 18984 31893 1.68 B2 1412 1765 1.25
A3 20778 38231 1.84 B3 1496 1900 1.27
A4 24556 52059 2.12 B4 1541 2034 1.32
As 27641 67306 2.435

A6 32534 81335 2.5 Bs 1583 2216 1.40

3.1.2. Thermal analysis

Thermal analysis refers to a variety of techniques in which a property of a sample is
continuously measured as the sample is programmed through a predetermined temperature
profile. Among the most common techniques are thermal gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) [25],

3.1.2.1. TGA analysis

Jojoba: DVB: alkylacrylate and Jojoba: DVB: a-olefin (33.33: 6.67: 60) miktoarm terpolymers
were subjected to thermal degradation in air at heating rate 10°C/min., from room tempe-
rature to 700°C and results have been summarized in Tables 3 and 4. Initial degradation
temperature (IDT), the temperature at 30%, 50%, 70% decomposition of (Ai-As) and (Bi-
Bs), and integral procedural decomposition temperature (IPDT, a relative measure of thermal
stability) were determined. As noticed from Tables (3, 4), star polymers based on alkylacrylate
are more stable than that prepared from a- olefins, and as the chain length increases the
thermal stability decrease. It can be explained that as the length of alkyl chain increases in
the backbone of C-C bond, the bond dissociation energy of the chain decreases and flexibility
of the chain increases thus making the polymeric chain more susceptible towards thermal
degradation.

Table 3. Thermal properties of Jojoba: DVB: alkylacrylate terpolymers.

Jojoba DVB Alkylacrylate IDT Temperature (°C) at weight loss  [pDT
% % % °C) T30 Tso T70 e
33.33 6.67 Octylacrylate (60) 310 339 373 397 420
33.33  6.67 Decylacrylate (60) 307 364 387 401 410
33.33 6.67 Dodecylacrylate (60) 306 344 371 388 408
33.33  6.67 Tetradecylacrylate (60) 303 353 379 398 407
33.33 6.67 Hexadecylacrylate (60) 296 371 390 405 406
33.33 6.67 Octadecylacrylate (60) 290 336 366 386 396

Table 4. Thermal properties of Jojoba: DVB: a-olefin terpolymers.

Jojoba DVB . IDT Temperature (°C) at weight loss  [pDT
% % a-olefin % ©C) °C)
T30 Tso T70
33.33 6.67 Octene (60) 307 375 392 407 406
33.33 6.67 Dodecene (60) 288 327 370 388 404
33.33 6.67 Tetradecene (60) 141 185 353 388 402
33.33 6.67 Hexadecene (60) 109 195 323 380 400
33.33 6.67 Octadecene (60) 95 262 364 391 388

3.1.2.2. DSC

By studying Figures (1 and 2) there were small endothermic peaks around 370°C-380°C,
this is the temperatures which were required to break the polymer backbone, and these prove
the stability of the prepared polymers toward thermal degradation.
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Figure 2. TGA and DSC analysis of (B1-Bs) star polymers
3.1.3. Surface morphology (SEM)

The prepared star polymers were subjected to surface morphology study by scanning
electron microscopy. Terpolymers preparedin the presence of alkylacrylate and a-olefins were

Figure 3. Surface morphology of As miktoarm terpolymer
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3.1.4. Structural characterization
3.1.4.1. FT-IR

Characteristic absorption bands of jojoba-DVB-alkylacrylate terpolymers were observed in
the FTIR spectra. IR spectra show absorption due to phenyl ring of DVB (aromatic C-H
stretching) and aliphatic C-H stretching, characteristics IR peaks of C=0 (carbonyl) and C-
O-C (esters) confirming the incorporation of alkylacrylates in jojoba chains Sharp peaks of
aromatic ring chain vibration, C-0O vibration and disubstituted aromatic ring C-H bending
vibration was also observed in FTIR spectra of terpolymers Table 5.

Table 5. IR data of the prepared (A1-As) and (B1-Bs) miktoarm terpolymers

Aliphatic (CH Carbonyl C-0-C Aromatic (C - Ring C-H
Symbol -stretching stretching stretching C stretching b d'g i
cml) cml) cml) cml) ending cm
Ay 2930 1736 1174 1460 720
A 2925 1735 1178 1459 720
Az 2929 1736 1171 1460 720
A4 2938 1736 1172 1460 720
As 2929 1736 1172 1460 720
As 2930 1735 1170 1462 721
B1 2925 1738 1174 1459 719
B 2940 1736 1175 1459 721
Bs 2924 1738 1174 1459 719
B4 2945 1739 1174 1643, 1460 720
Bs 2925 1739 1174 1640, 1459 721

3.1.5.'H-NMR

The structure of the prepared miktoarm terpolymers was confirmed by using *H-NMR, as
in Figure 4, 'H-NMR spectrumof (A:), it was found characteristics peak signals corresponding
to (6-0.90 for (-CHs), 8-4.13 for (-O-CH), 6-2.53 for - (CO - CH>)) of alkyl acrylate, (0-2.27
for- (COO - CHz), 06-1.29 for - (CHz);jandk -, 0-0.88 for )of jojoba oil, and peak signals around
0- 7.02-7.25 corresponding to phenyl group of DVB. Figure 5; illustrates the spectrum of B;
as an example of the olefins star polymers. It was found a characteristic peak signals at 0-
0.88 for —-CH3, 6-CHz — CHj3, 8-1.25 - (CHz) n-, 8-2.55 -CH-Ph., 8-1.54 - (CHz- CH- Ph.) (&-
2.27 for - (COO - CHy), 6-1.29 for — (CH2)jand k -, 0-0.88 for )of jojoba oil, and peak signals
around 6- 7.02-7.25 corresponding to phenyl group of DVB.

& 7 6 5 4 3 2 1 b
FPM
Figure 4. 'H-NMR spectrum of the A1 terpolymer.
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Figure 5. 1H-NMR spectrum of the B1 terpolymer

4. Conclusion

A green approach for synthesizing eleven miktoarm star terpolymers based on (Jojoba:
DVB: alkylacrylate) and (jojoba: DVB: a-olefin) was performed easily (one step reaction), via
free radical polymerization using benzoyl peroxide as an initiator, and DVB as tetra-functional
cross-linker. The prepared star terpolymers were characterized using GPC/SEC for
determination of Mn, Mw, and PDI. The morphological structure was characterized using SEM.
Thermal analysis for the prepared star polymers were done, and it was found that they exhibit
good thermal stability properties. Star polymers structural characterization was performed by
FT-IRand *H-NMR.
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Abstract

Petroleum resinssynthesized by ionic polymerization (catalyst — TiCl4-Al(C2H5)2Cl) of different fractions
of liquid pyrolysis products have been modified using peracetic acid prepared as a product of in situ
reaction between hydrogen peroxide and acetic acid in the presence of sulfuric acid.

This modification leads to the introduction of the following polar groups into the resin: carboxyl (acid
number 3.7-16.8 mg/g) and epoxy (epoxy number 2.9-8.9 %) groups. It has been shown that initial
and modified petroleum resins are suitable for the formation of paint and varnish coatings. Modified
resin coatings have improved elasticity and increased adhesion to metal surfaces and can be used as
a part of bitumen-resin compositions.

Keywords: fraction of liquid pyrolysis products; petroleum resin; modifiaation, bitumen, bitumen-resin composition.

1. Introduction

A promising direction of utilization of petrochemical industry waste or by -productsis their
use in the synthesis of new organic compounds. By -products of pyrolysis plants with ethylene
and propylene as their target products contain 30-50 % of unsaturated compounds, so their
prospective processing is polymerization with the formation of petroleum polymer resins ( PR).
A distinctive feature of the petroleum resin production is that the industry’s by -products
(feedstock for polymerization) have a complex composition. The feedstock contains a significant
amount of differently structured monomers that have different reactivity in a mixture with un-
polymerizable hydrocarbons. Thus, the synthesis of PR represents the copolymerization process
of monomers in solution 1,

The by-products of pyrolysis plants, the so-called liquid pyrolysis products, are divided into
narrow fractions of saturated, unsaturated and aromatic hydrocarbons. The composition of
different fractions varies considerably depending on the pyrolysis conditions and the type of
raw material used in the pyrolysis process. The hydrocarbon fraction Cs (initial and final boiling
point of 25-35°C and 70-75°C respectively) contains a considerable amount of diene mono-
mers (isoprene, cyclopentadiene, pentadienes, etc.). Their content varies within a fairly wide
range, which is explained by different conditions of sampling and storage of fractions. In the
higher-boiling fraction Co (initial and final boiling point of 120-125°Cand 200-205°C respectively)
reactive arylalkenes and dicyclopentadiene are present. In accordance with the classification
of PR, aliphatic resins are obtained in the polymerization of unsaturated hydrocarbons of the
Cs fraction, aromatic resins — of the Cs fraction, copolymer resins —of the Cs and Co fractions.
Copolymerresins can also be obtained by polymerization of unsaturated hydrocarbons of wide
Cs-o fraction (initial and final boiling point of 25-35°C and 200-205°C respectively). The pro-
perties of resins produced fromdifferent fractions vary significantly. Aromatic resins in cormpa-
rison with aliphatic resins have a higher density, softening point, heat resistance and lower
bromine number, which determines the unsaturated nature of the resins. Copolymer resins
obtained by copolymerization of aliphatic and alkenyl aromatic monomers contained in Cs and
Cs fractions respectively occupy an intermediate position according to their properties [21,
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One of the drawbacks that limit the use of PR in the composition of polymer materials is
their poor compatibility with many, usually polar, substances. This property is explained by
the absence of functional groups in the resin structure. Therefore, the development and imple-
mentation of new types of resins and, above all, modified ones is an urgent task at present.

Modified petroleumresins are obtained by copolymerization [3-41 of liquid pyrolysis product
fractions and polarmonomers (vinylacetate, maleic anhydride, acrylic, methacrylic and other
a, B-unsaturated acids, methyl methacrylate, butyl methacrylate, acrylonitrile) or by treatment 5
of the petroleumresins with chemical agents (oxygen, ozone, hydrogen peroxide, a, -unsa-
turated dicarboxylic acids and anhydrides). The most common method of the PR functio-
nalization is oxidation. The presence of unsaturated bonds in the PR composition makes it
possible to use them in the process of oxidation by hydrogen peroxide according to the
Prilezhaev’s reaction [¢], Thus, the modification of aliphatic and aromatic resins with hydrogen
peroxide by the Prilezhaev’s reaction leads to the introduction of carboxyl and epoxy groups
into their composition and to the decrease in the overall unsaturation of the resins, which
entails a change in the properties of paint coatings based on them.

Petroleumresins as film-forming agents hold a special place among synthetic vegetable oil
substitutes in the paint and varnish industry and are widely used in the development of oil-
resin or bitumen-resin compositions. The developed polymerization methods and the different
compositions of the initial fractions of liquid pyrolysis products determine the variety of
chemical structures and properties of the resins. Therefore, different types of PR have different
properties as film-forming substances.

Consequently, the purpose of this paperis to study the technical characteristics of paint
coatings based on the initial and modified resins obtained by polymerization of the Cs, Co, Cs-9
fractions and the dicyclopentadiene fraction, and to study the possibility of using these resins
as part of bitumen-resin compositions.

2. Experimental
2.1. Objects of research

The object of the study is petroleum resin obtained by polymerization of unsaturated
compounds of various hydrocarbon fractions: Cs fraction (boiling point of 30-70°C), Cs fraction
(boiling point of 110-190°C), Cs.o wide fraction of hydrocarbons (boiling point of 30-190°C)
and enriched with dicyclopentadiene fraction (DF, boiling point of 110-190°C). The polyme-
rization of unsaturated compounds of the fractions was carried out in a solution of saturated
hydrocarbon under the action of the TiCl4-Al(CzHs).Cl catalyst system. TiCls concentration was 2 %,
the component ratio of the catalytic systemwas 1: 1. The process temperature was maintained
at 80°C, and the process duration was 2 hours. Polymerization of high-boiling fractions (Cs, DF)
was carried out at atmospheric pressure, polymerization of fractions Cs.9 and Cs.o — at a
pressure of 0.13 MPa. The catalytic systemwas deactivated with propylene oxide at the end
of the process; the reaction product was kept in the composition of the obtained resins.

The modification of petroleum resins (PRcs, PRcs-9, PRco, PRor) synthesized on the basis of
different fractions (Cs, Cs.9, Co, DF) was carried out with peracetic acid obtained in situ at an
equimolar ratio of hydrogen peroxide and acetic acid in the 30 % toluene solution of the resin.
The process duration was 3 hours; the process temperature was 70-75 °C. The weight ratio
of resin to the oxidative systemwas 1 to 0.25. At the end of the process, the reaction mass
was washed fromacid impurities, and the resin was isolated by removal of the solvent 7],

BN 90/10 bitumen was used (GOST 6617-76 “Petroleum construction bitumens. Technical
specifications”). The bitumen-resin composition was prepared by mixing 40 % bitumen solutions
and 40 % resin solutions (solvent — xylene).

2.2. Methods of research

The functional numbers of the modified resins (MPRcs, MPRcs.9, MPRco, MPRpr) were determined
by standard methods 8,
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The paint coatings were obtained on metal plates (plate size -9 x 16 x 0.1 cm), using a
core applicator for liquid paint materials. The metal plates had been cleaned and degreased by
gasoline and acetone beforehand.

The thickness of the liquid paint material was monitored with the “Measuring comb”
instrument, the thickness of the dry paint material (the paint coating) with the “Thickness
gauge-pencil Constant M1” instrument. The coating was dried in air, and then the strength
characteristics were determined. The thickness of the bituminous or bituminous coatings was
100-140 pm, the resin coating thickness — 20-25 um.

The adhesion strength of the coating was measured by the detachment method with the
“Adhesimeter OR” device (GOST 32299-2013 (ISO 4624: 2002) “Paint materials. Pull-off test
for adhesion”) or by the method of lattice incisions (GOST 15140-78 “Paintwork materials.
Methods for determination of adhesion”).

The bending strength of coatings was determined in accordance with GOST R 52740-2007
(ISO 1519-2002) “Paints materials. Method for determination of film strength while bending
around cylindrical mandrel”. This property characterizes the elasticity of coatings.

The impact strength of coatings was measured in accordance with GOST R 53007-2008
“Paint materials. Rapid deformation (impact resistance) test method”.

The hardness test was performed according to ISO 6441-2 : 1999 “Paints and varnishes.
Determination of micro-indentation hardness. Part 2: Knoop hardness by measurement of
indentation depth underload”.

The water absorption measurement of the coating was carried out according to GOST
21513-76 “Paint materials. Methods for determination of paint film. Water- and moisture
absorptivity”.

The wetting angle was determined on a Drop Shape Analyzer DSA 25-Kruss by the drop
method at 25°C. The bitumen, resins or their bitumen compositions were dissolved in toluene
at a material: solvent ratioof 1: 1.5.

3. Results and discussion

The analysis of scientific and patent literature on the PR application in the paint and varnish
industry shows that there is high demand for them due to the availability of raw materials
(petrochemical industries by-products containing unsaturated hydrocarbons) and their low
cost. The application of PRin paint and varnish materials allow to effectively save the deficient
monomers or the vegetable oils used to produce film-forming.

The advantages of using PR as paint materials include water resistance, acid-, salt- and
alkali-inertness, high binding and adhesive capacity, good solubility in many solvents, high
drying speed and coating hardness. The disadvantages are low light and weather resistance,
brittleness, insufficient strength and adhesion characteristics, poor compatibility with drying
or semi-drying oils and other polar substances. These disadvantages are eliminated by means
of the introduction of polar groups or during the preparation of composite materials using low
molecular weight, oligomeric and polymeric plasticizers: for example, phthalic and phosphoric
acid esters, paraffin, waxes, transformer oils 1, low molecular weight or oxidized rubbers [1°1,

In the present work, petroleum polymer resins (PRcs, PRcs-9, PRcs, PRor) obtained by
polymerization of unsaturated compounds of various hydrocarbon fractions and modified
resins (MPRcs, MPRcs-.9, MPRco, MPRor) obtained by oxidation with peracetic acid obtained in
situ by the Prilezhaev’s reaction were used. Characteristics (functional numbers) of the initial
and modified petroleum resins — bromine number (BN, g/100 g), acid humber (AN, mg/g),
epoxy number (EN, %)) are givenin Tab. 1.

The modification leads to a decrease in the unsaturated nature of the resins and the
introduction of polar (carboxyl and epoxy) groups in the polymer chain. The multicomponent
composition of the initial fractions and different reactivity of the monomers in the
polymerization process do not allow a strict correlation between the structure of PRcs, PRcs-g,
PRcy, PRor, MPRcs, MPRcs.9, MPRco, MPRpr and functional numbers of the initial and modified
petroleumresins.
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Table 1. Functional numbers of initial and modified petroleum resins

- Functional numbers of initial and modified petroleum resins
Characteristics

PRcs PRcs-9 PRco PRDF
Bromine number, g/100 g 27.2 19.0 33.2 32.3
Acid number, mg/g 0.7 0.6 0 0
Epoxy number, % 0 0 0 0

MPRcs MPRcs-9 MPRco MPRDF
Bromine number, g/100 g 14.8 2.6 14.2 13.6
Acid number, mg/g 3.7 14.6 10.1 16.8
Epoxy number, % 5.0 2.9 8.2 8.9

Properties of coatings derived from40 % solutions of initial and modified resins in toluene are
givenin Tab. 2.

Table 2. Properties of coatings based on initial and modified resins

- Properties of coatings based on initial and modified resins
Characteristics

PRcs PRcs-9 PRco PRDF
Adhesion, points 2 2 3 3
Adhesion, MPa 1.0 1.2 0.8 0.9
Impact strength, cm 5 5 2 5
Bending strength, mm 3 1 3 3
Hardness, kg 0.2 0.2 0.7 0.2
Water absorption, % 0.5 0.3 0.6 0.5

MPRcs MPRcs-9 MPRco MPRDF
Adhesion, points 1 1 2 1
Adhesion, MPa 1.4 1.5 1.0 1.5
Impact strength, cm 10 10 4 10
Bending strength, mm 1 1 1 1
Hardness, kg 0.2 0.4 0.8 0.2
Water absorption, % 0.5 0.1 0.6 0.5

The test results showed that the type of resin affects the coating properties, but this effect
is insignificant. For example, aromatic resins (PRco, MPRco) are more brittle and have lower
adhesion values, but they are harder. In general, the results (Table 2) indicate an
improvement of adhesion and strength properties (impact and bending strength) of coatings
based on modified resins (MPRcs, MPRcs-9, MPRco, MPRoF).

The improvement of adhesion properties is directly related to the change in the wetting
angle (Tab. 3, Figure 1). Adhesion characterizes the interfacial interaction, as a result of the
desire of the system to reduce surface energy. A quantitative measure of the interfacial
interaction of a material with a metal surface is adhesion work, determined by the Dupre-
Young equation [*11;

Wa = o+ (1+ cos8),
where: Wa - the adhesion work, mN/m?; ¢ - the surface tension of the material at the boundary
with air, mN/m?; 6 -the wetting angle.

According to the above equation, the adhesion work increases with a decrease in the
wetting angle, hence, the adhesion of the material to the metal surface increases.

Thus, a decreasein the wetting angle with the use of modified resins naturally leads to an
increase in adhesion (Table 2, 3).

Table 3. Wetting angle values

Wetting angle values, degree

PRcs PRcs-9 PRco PRDF
8.6 9.2 11.1 8.5
MPRcs MPRcs5-9 MPRco MPRDF
7.4 8.3 9.9 8.2
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f g

Fig. 1. Wetting angle by solutions of bitumen (a), bitumen-MPRco resin composites (b), initial PRco
resin (c), modified MPRco resin (d) and surface view of initial PRco resin (e), modified MPRco resin (f),
bitumen-MPRco resin composite (g)

As an independent film-forming compound or in combination with vegetable oils, natural
resins or synthetic film-forming agents, bitumen is used in paintwork materials [*21, Previously
rosin and products of its processing (natural resins) in combination with bitumen were mainly
used, but at present, such materials are practically not applicable in industry. Natural materials
(rosin, vegetable oils, etc.) in the bituminous composites are replaced with synthetic polymers
without deterioration of the composite properties. The oil-free bituminous varnishes are
divided into bitumen composite, which consists of bitumen and solvent, and bitumen-resin
composite, which is a mixture of the bitumen and resin solution. The bituminous varnish is
the basis for the production of the paint coating, whichis reliable anticorrosive protection for
metal surfaces and has good conservation properties at a reasonably low cost.

Initial and modified resins can also be used to prepare bitumen-resin composites. Examples
of main properties of bituminous paint coatings, which contain 90% bitumen and 10% resin,
are givenin Tab. 4.

Table 4. Bitumen-resin coating properties

Properties of bitumen-resin coatings based on initial or modified

Characteristics .
petroleum resins

Bitumen - Bitumen - Bitumen - Bitumen - Bitumen -
PR PRcs PRcs-9 PRco PRDF
Composition, % 100-0 90 - 10 90 - 10 90 - 10 90 - 10
Adhesion, points 1 1 1 1 1
Adhesion, MPa 2.4 2.7 2.7 2.1 2.8
Impact strength, cm 35 40 42 50 35
Bending strength, mm 1 1 1 1 1
Hardness, kg 0.2 0.4 0.4 0.4 0.3
Water absorption, % 0.8 0.1 0.1 0.1 0.1
Bitumen - Bitumen - Bitumen - Bitumen - Bitumen -
MPR MPRcs MPRcs5-9 MPRc9o MPRDF
Composition, % 100-0 90 - 10 90 - 10 90 - 10 90 - 10
Adhesion, points 1 1 1 1 1
Adhesion, MPa 2.3 2.8 2.9 2.1 2.8
Impact strength, cm 35 45 47 50 45
Bending strength, mm 1 1 1 1 1
Hardness, kg 0.2 0.3 0.4 0.5 0.4
Water absorption, % 0.8 0.1 0.1 0.1 0.1
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Higher adhesion values of coatings containing modified resins in comparison with coatings

based on initial resins are well correlated with the wetting angle values of the metal surface
with bitumen-resin composite solutions (Tab. 5, Fig. 1).

T

able 5. Wetting angle values with bitumen-resin solutions (90 % bitumen, 10 % resin)

Wetting angle values, degree

Bitumen Bitumen - PRcs Bitumen - PRcs-9 Bitumen - PRco Bitumen - PRDF
19.9 14.1 14.4 17.3 14.3

Bitumen Bitumen — MPRcs Bitumen — MPRcs-9 Bitumen - MPRc9 Bitumen - MPRDF
19.9 12.1 12.7 14.9 13.1

4. Conclusions

1.

Initial petroleum resins were synthesized by ionic polymerization of unsaturated compounds
of various liquid pyrolysis product fractions with TiCls- Al(C2Hs)2Cl catalyst system. These
resins were then further modified.

2. Resin modification with peracetic acid obtained in situ results in the introduction into the

resin of polar groups: carboxyl (acid number 3.7-16.8 mg/g) and epoxy (epoxy number
2.9-8.9 %).

3. Initial and modified resins are suitable for obtaining paint and varnish coatings. It has been

C

shown that coatings based on modified resins have increased adhesion to metal surfaces

(1.0-1.5MPa) and improved elasticity (bending strength - 1 mm) as compared to coatings

based on initial resins (adhesion - 0.8-1.2 MPa, bending strength - 3 mm)

Obtained resins can be used in the bitumen-resin compositions to improve the protective
oatings properties
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Abstract

This work aims at studying acid gas removal from natural gas with piperazine (PZ) amine by using
Aspen HYSYS V9.0. Design of acid gas removal process is explained using sensitivity analysis. Plant
capacity enhancement studies are performed by considering the crucial parameters like sour gas feed
rate, amine recirculation rate and regenerator reboiler duty etc. The optimum feed temperature is iden-
tified as 31°C. Optimum concentration and flow rate of amine is 30 wt% and 350 m3/hr respectively.
Rigorous hydraulic studies are performed for absorber to know the operational issues like flooding and
weeping in the column. Arranging the packing in the absorber solved the operational issues and
improved the CO2and H2S removal efficiencies by 58% and 20% respectively. By arranging packing
revenue losses are minimized by 2.1%. The techno-economic analysis results of this study are useful
for process engineers working in gas plants to take reasonable decisions in operating the gas plant.
Keywords: Acid gas; Gas plant; Hydraulic studies; Natural gas, Sensitivity analysis; Process Simulation;, Gas
Sweetening.

1. Introduction

The worldwide market for liquefied petroleum gas (LPG) and natural gas liquids (NGL) is
continuously increasing [*1. Presence of H,S, CO>, mercaptans, CS, elemental sulfur and conta-
minated water decreases the quality of sales gas and their presence is not acceptable, since
they corrodes the equipment, pipelines and release in to atmosphere leads to acid rains 21,
Chemical solvents, physical solvents, adsorption processes, hybrid solvents and physical
separations especially membranes are the available acid gas removal techniques 31, Accor
ding to the environmental regulations the acceptable limits for H.S and CO, are 4 ppm and 2
mole % respectively.

Aspen HYSYS V9.0 acid gas removal model supports various amines in its data base 41,
Continuous investigations are going on to invent the new efficient amines and their blends for
efficient removal of CO,from gas mixtures. Piperazine is one of the amine 51, Bishnoi et al.
[61 conducted modelling experiments and revealed that the carbon dioxide removal rate is
more for PZ amine compared to the other amines like MDEA, MEA, DEA and their blends.
Kinetic studies by 71, VLE studies by ], absorption studies by [°-111 high pressure absorption
studies by [*2] concluded that piperazine in alone and in combination with methyldiethanol-
amine has reported improved absorption rates of CO> from aqueous solutions. Aqueous solu-
tions containing piperazine is used as washing agent for removing H,S, CO, and COS present
in natural gas, coke-oven gases, and synthesis gases [*31, Configurations and methods of acid
gas removal to meet the pipe line requirements are explained by [**1, A process for removal
of H.S and CO- from an acid gas streamis explained by [*5-18] ysing various amines.

Silhavy et al. *71 provided simulation based operational data base for acid gas removal
plant. The author [18-20] conducted numerical simulation and optimization studies using pro-
cess simulators like Aspen HYSYS. In their studies they used diethanol amine for acid gas
removal. Similarly, the autors [21-221 ysed MEA. Pellegrini et al. [231used diethanolamine (DEA)
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and methyldiethanolamine (MDEA), Kazemi et al. ?#1 used mixed amines and checked the
feasibility of the process by improving the acid gas removal efficiency.The authors [25-261 tested
impact of operating conditions like absorption temperature, pressure, number of absorber trays
and solvent recirculation rate on acid gas removal are tested to identify the optimum
conditions. The authors [27-28] jdentified optimum conditions from the steady state and dynamic
studies and these observations are useful for safety and economy of the processes. @i et al. [2°]
tested alternative flow sheet arrangements in improving the acid gas removal rates. Zare
Aliabad et al. [3°1 used MDEA and DEA amines in combined form and studied the effect of
major operating parameters like operating pressure of the absorber column, temperature of
the amine, sour gas feed rate and morpheme efficiency, on the rate of absorption and on
energy point of view [3'1, Optimization studies are conducted by 321 for optimum absorber
working pressure to get 99% purity of the methane.

The above studies motivated the present research to do acid gas removal using piperazine
(PZ) amine from natural gas. Objective of this work is to analyse the effect of process
parameters like amine temperature, feed gas flow rate on acid gas removal and to check the
role of column hydraulic studies in improving the acid gas removal efficiency and feasibility.
This work is useful for process engineers to optimize their gas processing units and to take
decisions on retrofit studies.

2. Process description

Equipment involved in the Aspen HYSYS V 9.0 acid gas cleaning simulation model are:
extractor, absorber, separator, rich amine heater, regenerator, lean amine cooler, booster
pump and makeup operation. Processflow sheetis shown in figure 1. In the extractor conta-
minants are removed by passing the acid gas through the amine solution. In the absorber
sour gas is passed through the bottomand the lean amine enters fromthe top of the absorber
as a result of absorption, sweet gas comes out fromthe top of the absorption column and the
rich amine comes out from the bottom part of the absorber. Rich amine obtained from the
absorber column bottom, is send to the separator. In the separator low hydrocarbons are
removed and the remaining rich amine is send to the regenerator. In the regenerator, suffi-
cient heat is provided by the reboiler for the separation of impurities present in the amine
solution. Separated hydrogen sulfide (H,S) and carbon dioxide (CO.) are sent for processing.
Losses in amine quantities are makeup using the make-up block.
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Figure 1. Aspen HYSYS acid gas cleaning flow sheet
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3. Process simulation

The flow sheet for natural gas sweetening using PZ was developed in Aspen HSYS V9.0.
The fluid package used in this study is acid gas cleaning package. The composition of the sour
gasis givenin table 1. The design capacity of this process plant is 1128 m3/hr or 1.703x 10°
barrel/day. Sour gas feed enters at 40°C and 20 bar pressure is feed to the bottom of the absorber.

Absorber contains 20 number of stages. Lean amine is entering the top of the absorber and
its concentration is 30 wt% and temperature 42°C. Lean amine temperature is higher than
the sour gas temperature. When the sweetening process is completed and the regenerated
piperazine (PZ) is recycledbackto the absorber, Aspen HYSYS recalculates the actual opera-
ting composition. In makeup block aspen HYSYS, ADJUST operation is the inbuilt operation
and it adjusts the circulation rate of lean amine.

Table 1. Feed gas composition of sour gas

Component Mole fraction Component Mole fraction
CO2 0.0202 Ethane 0.0707

H2S 0.0202 Nitrogen 0.0303
Methane 0.8656

Sensitivity analysis studies are conducted using various process parameters like feed gas
flow rate, feed gas temperature, amine recirculation rate to calculate the composition of the
acid gases in sweet gas. Desirable concentrations of CO, and H.S in sweet gas will be main-
tained by optimizing the reboiler duty and the recirculation rate of the amine in the surge
tank. Hydraulic studies for the absorber are conducted to improve the performance of absor-
ber. Packing material is used as a substitute for trays to avoid the hydraulic problems in the
column. Acid gas removal and the economic study values of the both tray column and packed
column are compared.

4. Results and discussion
4.1. Effect of PZ amine concentration

Increasing concentrations of PZ amine in lean amine stream positively affected the acid gas
removal. Figure 1 illustrates the effect of varying concentrations of PZ on extraction of CO;
and H.S. From 10 to 30 wt% of PZ amine concentration, acid gas removal is good. It indicates
the desired concentration of PZ is 30 wt%. At 30 wt% of PZ concentration, acid gas concen-
trationin sweetgasis 1.51x10* mole% for CO, and 0.0198 ppm for H,S.
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Figure 1. Effect of PZ concentration on acid gas Figure 2. Effect of feed gas temperature on CO2
concentration in sweet gas concentration in sweet gas
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4.2. Effect of feed gas temperature

Plant behaviouris predicted for various temperatures of the feed gas. Temperature is
varied from 30°C to 60°C. Observed parameters are CO, and H,S concentrations in sweet gas.
As the feed gas temperatureis increased from 30°C to 60°C, CO. and H,S concentrations are
increased in sweet gas and the reboiler duty also increased.

Reboiler duty remains constant between 35°C to 40°C. Beyond 40°C reboiler duty increased
to higher values, it shows that acid gas cleaning demands more reboiler duties. From figure 2 and
fromfigure 3 the optimum temperature range for acid gas cleaning is in between 35°C to 40°C.
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Figure 3. Effect of feed gas temperature on H2S Figure 4. Effect of feed Gas temperature on methane
concentration in sweet gas concentration in sweet gas

Increasing temperatures decreased the concentrations of methane in sweet gas. Figure 4
illustrates that methane concentration is constant with temperature of the feed gas in between
30°C and 35°C. Maximum concentration of methane i.e 89 mole% is observed at 30°C.

4.3. Effect of feed gas flow rate

Effect of feed gas rate on acid gas concentration in sweet gas is illustrated in figure 5. CO;
concentration in sweet gas increased 3.8x10°® mole % to 6.87 x10° mole %. It is evident
that CO; concentration is increased nearly ten times. At the same time H.S concentration
decreesed from 0.93 ppm to 0.41 ppm. For feed gas flow rate of 35000 kg/hr, H,S and CO:
concentrations are optimum and their values are: COxconcentrationis 4.32x10° mole% and
the H,S concentrationis 1 ppm.
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Figure 5. Effect of feed gas flow rate on acid gas Figure 6. Effect of feed gas flow rate on reboiler
concentration in sweet gas duty (kW)
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Effect of feed gas rate on reboiler duty is given in figure 6. For feed gas flow rate of 5000
kg/hr reboiler duty is 2.879x108kW and it is the minimum reboiler duty recorded. Reboiler duty
is constant from the 20000 kg/hr to 55000 kg/hr. In this region CO, concentration is from
3.13x10° mole% to 5.94x10° mole% and the H,S concentration is from 1.83 ppmto 0.46 ppm.

4.4. Effect of lean amine recirculation rate

Lean amine recirculationrateis changed from284.65 m?*/hrto 641.18 m*/hrand it is shown
in figure 7. Increased amine recirculation rates decreased the concentration of H,S in sweet
gas. Increased amine recirculation ratesincreasedthe reboiler duties. Minimum reboiler duty

observed is 2.878x 108 kW.
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Figure 7. Effect of amine recirculation rate on reboiler duty

4.5 Absorber hydraulic studies

Hydraulic studies of absorber are performed for two cases. First caseis absorber fitted
with trays and the second case is absorber fitted with packing material. Absorber fitted with
traysis considered as the base case. Base case hydraulic plots are illustrated in figure 9.
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Figure 9. Hydraulic profile of absorber fitted with trays
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Area under the plot gives the operating area of the tray column and it shows operating
issues existing in the column. General operating issues are flooding and weeping. Forstage 1
of the absorber hydraulic plot is shown in figure 10. The upper limit curve indicates the maxi-
mum pressure drop allowable in the column. The minimum limit curve indicatesthe minimum
pressure drop allowable in the column. Area between the upper limit curve and the lower limit
curves gives the absorber operation area.

Operation conditions reaching the upper point indicates the increased pressure drop in the
column, it shows flooding in the column. Operation conditions reaching the minimum point in
the plot indicates the weeping in the column.
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Figure 10. Hydraulic plot for stage 1 of the absorber fitted with trays

In figure 10, operating point reached the upper curve. It indicates flooding is present in the
column and it reduces the efficiency of the column. Flooding should be avoided and this
operating issue is solved by arranging packing material in the absorber. Trays are replaced
with packing material of type raching ring made up of ceramic material. Size of the raching ring
is 1 inch. Hydraulics of absorber filled with packing material is shown in figure 11.
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Figure 11. Hydraulics of packed column

It is observed that there are no operational issues for absorber filled with packing material.
Absorber filled with packing material eliminated the operation issues of all stagesin the colurm.
Figure 12 shows the hydraulic plot of first stage of the absorber with packing material.

Pet Coal (2018); 60(4): 632-640
ISSN 1337-7027 an open access journal

637



Petroleum and Coal

Ga+04 =

Minimum liquid rate

4404 |

Vapor Mass Flow (kg/h)

2e+04 —

Liquid Mass Flow (kg/h)

Figure 12. Hydraulic plot for packing column

Operating point is present in between the maximum pressure drop of 4.12 mbar/mand lower
operating pressure of 0.41 mbar/mfor the first stage of the column. Similarly the same pattem
is observed forthe remaining stages. The reason for improved operation is packing material
provided more contactarea for Vapour-Liquid contacting simultaneously it decreased the re-
boiler duty demands. Results of the absorber column without operating issues are used for design
calculations of the absorber. Absorber design data for rigorous rating calculations is given in
Table 2.

Table 2. Absorber design data for rating calculations

Parameter Values
Section Starting Stage 1
Section Ending Stage 20
Column diameter [m] 2.496
Packed Height Per Stage [m] 0.5
Section Height [m] 10.0
Maximum % Capacity (Constant L/V) [%] 80
Maximum Capacity Factor [m/s] 0.01645
Section Pressure Drop [mbar] 84.2
Average Pressure Drop / Height [mbar/m] 8.4
Average Pressure Drop / Height (Frictional) [mbar/m] 7
Maximum Stage Liquid Holdup [m?3] 0.49
Maximum Liquid Superficial Velocity [m3/h-m?] 84.37
Surface area [m2/m?3] 190
Void Fraction 0.74
1st Stichlmair Constant 2.24
2nd Stichlmair Constant 3.24
3rd Stichlmair Constant 2.728

In table 3, acid gas removal and economics results of both base cases i.e tray column and
packed column are given. CO.concentrationis reduced from1.56x10* mole% to 6.192x 10
mole%, which shows 58% improvement in CO, recovery. H.S concentration is reduced from
0.3868ppmto 0.3094 ppm indicates 20% improvement in H,S removal from the natural gas.
Arranging packing in the column reduced the total cost by 2.1%.

Table 3. Absorber comparison table

Tray column Packed column
Capital cost (USD) 98 323 200 96 183 500
Operating Cost(USD) 28 368 600 27 772 859
CO02 (mole%) 1.56x10™ 6.192x10°°
H2S (ppm) 0.3868 0.3094
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5. Conclusions

Acid gas removal of natural gas using piperazine (PZ) amine is studied. Effect of feed gas
flow rate, temperature, amine concentration and effect of amine recirculation rate on acid gas
removal are studied. Effect of amine recirculation rate on reboiler duty is observed. Rigorous
hydraulic studies are performed and the packed column design data is tabulated. Absorber
operational efficiency is improved by improving the acid gas removal rates. CO, removal en-
hanced by 58% and the H,S removal enhanced by 20%. Economic performanceimproved by
2.1%. The methodology and the results of this study are useful for process engineers those
who are using piperazine (PZ) amine or other amines for the acid gas removal in their acid
gas cleaning plants.
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Abstract

Coalis an abundant and accessible energy source despite growing environmental concerns about its
use. It is a critical driver of socio-economic growth and development particularly in nations with vast
proven reserves. The discovery of new coal deposits in Nigeria has renewed interest in its utilisation.
However, the scarcity of data has limited the energy utilization. Therefore, this study examines and
reports data for the physicochemical, mineralogical, and morphological fuel properties of coals from
Obomkpa (BMK), Thioma (IHM) and Ogboligbo (OGB). The results revealed BMK contains the highest
C and H, but OGB has the highest N, S, and O content. Morphology revealed coarse -grained coal
particles with distinct lustre comprised of C, O, Si, Al, S, Fe, Ti, K, and Ca. Thermal analysis revealed
IHM is the most reactive coal, whereas OGB is the least reactive. The DTG revealed two endothermic
peaks fordrying (30 - 200°C) and devolatilization (200°C to 600°C). The highest mass losswas obser-
ved in IHM, which confirmed its higher reactivity compared to BMK and OGB. The heating values were:
15.55 MJ/kg, 19.40 MJ/kg, and 19.66 MJ/kg for OGB, IHM, and BMK, respectively. Based on the fin-
dings, the coals are classified as lignite with potential for thermal energy recovery.

Keywords: Fuel Characterization; Flash Pyrolysis; Lignite; Coal, Nigeria.

1. Introduction

Despite global concerns about greenhouse gas emissions, coal remains the dominant fuel
for electric power generation [*1. Currently, coal accounts for 40% of global power generation
or about 64% of economically recoverable resources 21, It provides an economical, reliable,
and efficient source of energy for various industries around the globe 31, Furthermore, the global
importance of coal is augmented by its widespread accessibility and abundance 1. As a result,
coal plays a critical role in the socio-economic growth and sustainable development in emerging
nations such as China, India and South Africa [°1. Therefore, the discovery of large coal deposits
in Nigeria — Africa’s largest economy and the most populous nation has renewed interest in
the coal sector. However, coal does not currently contribute to the electric power production
despite the nation’s large coal deposits currently estimated at 2.8 billion tonnes [31,

Overthe years, successive governments have made initiatives to revive the nation’s mori-
bund coal sector through policies reforms and strategic investments aimed at generating 30%
of the nation’s electricity from coal [¢-71, According to experts, coal utilisation for electric power
generation is hampered by numerous socio-economic, environmental, and technological chal-
lenges [8-1%1, The most notable technological challenges include lack of comprehensive data on
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coal such as its elemental, mineralogical and calorific properties [**12], The outlined coal propetrties
are critical to the design, optimisation and scale-up of efficient conversion processes [*31, Further-
more, the assessment of coal properties is an important step in defining its rank, energy
application, or potential emissions [*4161, Such information is a crucial dynamic in debates on the
future coal and its applications particularly in the age of global warming and climate change.

With thisin focus, several studies have examined the fuel properties of various Nigerian coals.
The study by Ryemshak and Jauro 171 examined the proximate, rheological properties and
potential applications of selected coals from Garin Maiganga, Shankodi-Jangwa and Tai environs
in Nigeria. Chukwu, Folayan Bl examined the fuel characteristics of selected Nigerian coals for
power generation. The study examined the ultimate-proximate, calorific, petrograp-hic and
thermal properties of Odagbo, Owukpa, Amansiodo, Ezimo, Inyi, Odagbo, and Owukpa coals
from Nigeria. Similarly, Sonibare, Ehinola [*8], examined the thermal and kinetic proper-ties
of Agbogugu, Enugu, Chikila and Lamja coals under oxidative and non-oxidative thermos-
gravimetry. Other studies have also examined the mineralogical, morphological and micro-
structural properties of Nigerian coals in the literature [*°-211, However, there is an absence of
comprehensive data on the fuel properties of many newly discovered Nigerian coals in the lite-
rature. Theseinclude the recent discoveries of coal deposits in Obomkpa, IThioma, and Ogboligbo
in Delta, Imo and Kogi States, respectively, in Nigeria. The new deposits are strategically
located in three out of the six geopolitical zones in the country. This revelation presents signi-
ficant prospects for electric power generation required for socio-economic growth and deve-
lopment in the country.

To the best of the authors’ knowledge, there is limited knowledge on the fuel properties of
the Obomkpa (BMK), Ihioma (IHM) and Ogboligbo (OGB) coals. Therefore, this study will exa-
mine the physicochemical, mineralogical, and thermogravimetric characteristics of the newly
discovered coals.

2. Experimental

The three (3) coal samples; Obomkpa (BMK), IThioma (IHM) and Ogboligbo (OGB) were acquired
from the National Metallurgical Research and Development Centre (NMRDC) Jos in Plateau
State Nigeria. The coal samples were originally sourced from the following coal fields: Obomkpa
(BMK) in Aniocha-North Local Government Area of Delta State; IThioma (IHM) in Orlu Local Govem-
ment Area of Imo State; and Ogboligbo (OGB) in Igalamela-Odolu Local Government Area of
Kogi State. The coal samples were crushed and pulverised in a dry miller and then sieved
through the 250 ymanalytic test sieve based onthe procedure described in a previous study [22],

The pulverised coal samples were subjected to the physicochemical analyses; ultimate,
proximate, and bomb calorimetry to determine the elemental composition, fuel properties and
higher heating values. The ultimate analysis was done using the vario MICRO Cube™ Elemen-
tal Analyzer (Germany) based on ASTM D5291-16. The proximate analysis was performed through
thermogravimetric analysis (TGA) according to the procedure described in the literature [23-24],
Lastly, the higher heating value (MJ/kg) was determined by bomb calorimetry using the IKA
C2000 (USA) combustion calorimeter based on ASTM standard D2015. Each test was perfor-
med in duplicate to ensure the accuracy and reliability of the measurements.

The mineralogical, morphological and microstructural characterisation of the coal samples
were done by Scanning Electron Microscopy/Electron Dispersive X-ray (SEM/EDX) analysis.
The tests were performed on the JEOL-JSM IT 300 LV (Germany) Scanning Electron Microscope
(SEM) equipped with an Energy Dispersive X-Ray (EDX) detector. Foreach test, microscopic
amounts of the samples were sprinkled on the SEM/EDX carbon stubs. Next, the samples were
sputter coated with platinumusing the Quorum Q150R S Sputter coater for 10 minutes before
SEM/EDX analysis. The analysis was performed at 20 kV and 5 mm working distance to obtain
micrographs at magnifications of x 1000. The AZTEC EDX software from Oxford Instruments,
UK was used to analyse the captured SEM images. The elemental composition of the samples
was quantified in wt. % based on a charge balance and the EDX peaks acquired.
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The thermal degradation characteristics of the coals were examined through non-isothenral
thermogravimetric analysis (TGA) under flash heating conditions. The rapid heating (flash) test
conditions were selected to simulate the conditions for pulverised coke production. For the
TGA runs, about 15 mg of each coal sample was placed in an alumina crucible and heated at
50°C/min from 30°C to 900°C. The TGruns were performed on the Shimadzu TG-50 analyser.
The TGA was continuously purged with ultra-pure nitrogen gas (99.99%, Air Liquide, Malaysia)
at a flow rate of 20 mL/min during the experiments. On completion, the TGA was cooled to
RT, and the data files were retrieved and processed on the Shimadzu TA-60WS Workstation.

Based on the recovered TA ASCII data, the mass loss (TG), and derivative degradation
(DTG) curves were plotted against temperature to determine the thermogravimetric charac-
teristics and temperature profiles (TPC) of each coal. The TPCs deduced included; ignition
(Ton), midpoint (Tmig), and maximum decomposition (Tmax), and burnout (Tor) temperatures
along with the mass loss rate (MLR, %/min) and residual mass (Rv, %). The T, is the tempe-
rature at which the sample begins to decompose after drying is completed during TGA. The
midpoint temperature or Trmis is the half-way point on the TG plot. However, the Tmax is the
temperature at which maximum decomposition or mass loss rate (Miz, %/min) of the sample
occurs, as denoted by a large peak (DTG) during TGA. The burnout temperature (Tor) is the
temperature at which thermal degradation or devolatilization of the sample is completed.
Lastly, theresidual mass (Rwm, %) is the final mass of the sample at the final TGA temperature.
It is a measure of the coke orash yield of thermally decomposing materials.

3. Results and discussion
3.1. Physicochemical analysis

The physicochemical fuel properties; ultimate (elemental), proximate and calorific values
of Obomkpa (BMK), Ihioma (IHM) and Ogboligbo (OGB) coals are presentedin Table 1 in as
received (a.r) basis.

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
Volatiles VM (wt. %) 58.05 69.52 51.43
. Ash A (wt. %) 11.73 2.43 1.03
Proximate .
Fixed Carbon FC (wt. %) 26.61 23.30 44.41
Fuel Ratio Fr 0.46 0.34 0.86
Mineral Matter Mm 13.20 3.46 2.39
Heating Higher Heating Value HHV (MJ/kg) 19.66 19.40 15.55
Value Lower Heating Value LHV (MJ/kg) 18.64 18.41 14.75

The ultimate analysis indicates the coal samples contain high proportions of the combustible
elements C, H, O along with the pollutant precursorelements Nand S. BMK coal sample has
the highest Cand H content along with thelowest N, S, and O content (Table 1). Conversely,
OGB containsthe highest N, S, and O, indicatingits potential for generating significant amounts
of NOx, SOx and other greenhouse gases (GHG). The OGB coal also exhibited the lowest C
and H content which accounts forits poor heating values ranging from 14.75 to 15.55 MJ/kg
compared to IHM (18.41t0 19.40 MJ/kg) and BMK (18.64 to 19.66 MJ/kg).
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The proximate analysis of the coal samples revealed high VM and FC along with low
moisture and ash contents. IHM coal contains the highest M, and VM whereas BMK and OGB
contain the highest Ash and FC, respectively (Table 1). Conversely, the lowest M, VM and Ash
were observed in OGB, whereas IHM contains the lowest FC. Based on the findings, the high
M and VM properties of IHM indicate that it may be suitable as a feedstock for coal gasification
into syngas or flue gases for energy production. Conversely, the low M, VM, A and high FC indicate
that OGB is best suited for pyrolysis or coke production.

The fuel ratio (Fr) is a ratio of the fixed carbon to the volatile matter [21, At high Fz, coal
combustion will result in high residues of unburnt coal and ultimately poor boiler efficiency [251,
Therefore, Fr