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EFFECTIVE PRE-TREATMENTS FOR ENHANCEMENT OF BIODEGRADATION
OF AGRICULTURAL LIGNOCELLULOSIC WASTES IN ANAEROBIC DIGESTION -
A REVIEW

Fatemeh RAHIMI-AJDADI* Masoomeh ESMAILI

University of Guilan, Rasht, Iran

Agricultural crop residues like stems, straws and leaves are valuable resources for biofuel production, especially methane, due
to anaerobic digestion. Biogas from agricultural lignocellulosic wastes is capable of attaining sustainable energy yields without
environmental pollution. Farmers in many developing countries burn these wastes throughout their fields, imposing environmental
hazard due to emission of greenhouse gases. The main problem in this field is the recalcitrance of the agricultural lignocellulose
waste that limits its enzymatic degradation and hydrolysis efficiency and consequently decreases biogas production. Therefore,
efficient pre-treatments prior to anaerobic digestion are essential. Various pre-treatment methods are used for increasing the
anaerobic digestibility of lignocellulose biomass, such as physical (mechanical, thermal, etc.), chemical, biological and combined
pre-treatments. This paper reviews different pre-treatments used in anaerobic digestion for the agricultural lignocellulosic wastes
and explains the advantages and disadvantages of each. The most frequently used pre-treatments for main agricultural wastes in

process of biogas production are also introduced.
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Currently, the most used energy supply in the world is fossil
fuel that has some disadvantages, such as limited resources,
growing price trends and environmental pollution. The issue
of waste management is one of the main environmental
challenges (Hlinka et al., 2019). Consequently, global
attention is concentrated on finding the alternative
energy resources, which would be both economically and
environmentally acceptable (Zilouei and Taherdanak, 2015).
Biofuels predominantly produced from biomass have the
potential to be the reliable alternate energy resource that is
considered the fourth largest energy resource in the world
(Rajput and Visvanathan, 2018). Lignocellulosic biomass
is more acceptable, because it has no nutritional value
for humans. Biogas made of lignocellulosic biomass has
many other advantages, such as low-cost feedstock and
its abundance. In addition, it represents a way to manage
the large amounts of agricultural and forest residues that
are annually produced. In many developing countries,
farmers burn these wastes in their fields, which results in
environmental pollution due to emission of greenhouse
gases. Biogas from lignocellulosic biomass is capable of
attaining the sustainable energy yields without damaging
the environment only when it is generated through
anaerobic digestion and recovered properly (Chojnacka et
al., 2015). Additionally, it is highly recommended to add crop
residues to livestock excrement for purposes of digestion
process (Kazimirova et al., 2018). The general equation for
anaerobic digestion is given in Eq. 1:

Contact address:
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Eq. 2 is specifically for cellulose (Rai, 1986)
(CsHy0Os), + nH,0—>3nCO, +3nCH, (2)

The problem is that there is a main limitation in
degradation phase of lignocellulosic biomass. Due to the
recalcitrant nature of lignocellulosic biomass in terms of
anaerobic digestion, it is essential to seek different types
of pre-treatment methods for more efficient and economic
anaerobic digestion. Pre-treatments can solve the issue
of low digestibility of substrates and make them degrade
more efficiently in biogas process. The relative amount
of lignocellulosic compounds varies in different types of
agricultural biomass. Consequently, the available substrates
have different properties and usage of a specific pre-treatment
is of extreme importance in order to increase digestibility and
biogas production (Venturin et al., 2019). The purpose of
this paper is to present the major types of pre-treatment for
lignocellulosic wastes of agricultural crops.

Mechanical pre-treatments

The most basic method for physical pre-treatment is
mechanical pre-treatment. It reduces the biomass particle
size and is always applied prior to other pre-treatment
methods to enhance their effect. It includes milling;
grinding; chipping; etc. Reduction of the lignocellulosic
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biomass particle size increases the accessible surface area,
reduces the degree of cellulose crystallinity, and decreases
the degree of cellulose polymerization (Yuan et al., 2014).
The main disadvantage of mechanical pre-treatment is
that, if the biomass moisture content is high, the energy
consumption necessary to exercise it, is also very high (Tu
and Hallett, 2019). However, such pre-treatments are more
advantageous specially than chemical pre-treatments,
because they produce neither toxic or inhibitory materials
nor complex molecules that are difficult to digest (Venturin
et al., 2019). Extrusion is also one of the efficient mechanical
pre-treatment methods for lignocellulosic materials that
results in a lower bulk density, higher specific porosity,
higher water-holding capacity and better biodegradability
(Gu et al., 2015). Substrate can be placed under a pressure
of up to 300 bars at temperatures from 60 to 300 °C,
depending on the final consistency required (Montgomery
and Bochmann, 2014). High shear force results in efficient
mixing that can effectively enhance the anaerobic digestion
efficiency (Guetal., 2015), making this method more efficient
than other physical pre-treatment methods. Panepinto and
Genon (2016) showed that extruder utilization can lead to
an improvement of up to 15% in biogas yield and also an
improvement in terms of energy consumption of up to 6.5%.
Menardo et al. (2015) reported that by means of extrusion,
organic matter degradation was enhanced and methane
production was significantly increased by as much as 16%.
Hjorth et al. (2011) reported that the methane production
increased significantly by 18-70% using extrusion as a pre-
treatment for five types of agricultural wastes. However,
several disadvantages of the extrusion lie in high energy
consumption, high maintenance costs due to abrasion of
screws and high sensitivity to stones (Montgomery and
Bochmann, 2014).

Thermal pre-treatment uses thermal energy to increase
the molecular agitation with the aim to promote the
hydrolysis and, consequently, increases the methanogenic
production in a shorter period of time. In terms of thermal
pre-treatment, lignocellulosic biomass is subjected to heat
ranging from 50 to 240 °C at a certain pressure. Thermal
pre-treatment at temperatures of 160 °C and higher
results in the solubilisation of hemicellulose and lignin
(Xie et al.,, 2011). The disadvantage of higher temperatures
(exceeding 160 °C) is that produced phenolic compounds
have inhibitory or toxic effects on methanogenic bacteria
(Xie et al, 2011). Thermal pre-treatments dependent on
the type of heating method can be named as hydrothermal
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pre-treatment and steam explosion. In this review, thermal
pre-treatment methods are understood as physical pre-
treatments, while hydrothermal and steam explosion are
considered physiochemical pre-treatments. Ultrasonic
pre-treatment increases the total hydrolysis yield of the
lignocellulosic biomass through increasing the surface area
and reducing the degree of polymerization. The effect of
ultrasonics is based on monolithic cavitation beyond the
human audio range. The breakdown of cavitation bubbles
during the sonication changes the chemical structure by
the creation of free radicals (Gronroos et al., 2004). However,
the higher sonication power level has adverse effect on the
pre-treatment process (Karuppiah and Azariah, 2019). In
their study on ultrasonic pre-treatment of rice hulls, Yu et
al. (2009) obtained the net yields of total soluble sugar of
31.8% and glucose of 32.2% in contrast to control group
values of 6.9% and 7.6%.

In recent years, microwave-assisted pre-treatment
methods have been demonstrated as one of the most
effective and promising methods for biomass conversion
due to cleavage of (-1,4-glucan bonds, increasing the
accessible surface area and reducing the crystallinity
of cellulose (Chandra et al., 2012a). There are several
disadvantages related to ultrasound and microwave
methods, such as production of inhibiting by-products (Li
et al,, 2013); high energy consumption (Zeynali et al., 2017);
and complex operation procedures. Table 1 shows the
researches performed on several physical pre-treatments of
main agricultural crops.

Chemical pre-treatments

Chemical pre-treatment is the most utilized method for
pre-treating of lignocellulosic substrates. The main function
of the majority of chemical pre-treatments lies in the
destruction of rigid or complex structures of lignocellulosic
biomass (Venturin et al., 2019). In comparison to other
pre-treatment methods, chemical pre-treatments are
advantageous because of their easiness, fastness, and
effectiveness. They mainly include dilute-acid; alkaline; ionic
liquids; and ozone pre-treatments.

Strong concentrated acids can hydrolyse the
hemicellulose and solubilize lignin; nevertheless, their use
is limited because they produce undesirable by-products,
such as furfural as well as its derivatives that inhibit the
anaerobic digestion process (Mussoline et al, 2013). In
addition, there are certain other disadvantages — chemicals
used are extremely corrosive and high-cost materials are

Table 1 Mechanical pre-treatments used for biogas production from certain agricultural substrates by means of anaerobic
digestion
Crop Category Pre-treatments Methane/biogas | Increased References
(mL-gVS™) (%)
Rice milling 5-10 mm; 6% NaOH; 20 °C; 21 day 520 44 He et al.,, 2008
Corn milling 5-10 mm; 2% NaOH; 10, 20 °C; 3 day; SLR* 1:9 207.9;233.0 56;75 Zheng et al., 2010
Wheat thermal 40, 100, 160 °C; 30 min 201;199; 224 0;0;10 Sambusiti et al,, 2013
Sorghum thermal 40; 100; 160 °C; 30 min 242;282;273 0;5;2 Sambusiti et al., 2013
Maize ultrasound Machine J.P Selecta Ultrasons 110 W, 3 min 710 41 Wang et al., 2011

* — solid loading rate
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necessary for building of the reactor when using this type
of pre-treatment (Zheng et al., 2014). Simultaneously, dilute
acids (4% w-w') are commonly used in applications and
researches.The main mechanism of dilute acid pre-treatment
lies in the solubilization of hemicellulose (Montgomery
and Bochmann, 2014) by breaking ether bonds in lignin/
phenolics-carbohydrates complexes without dissolving
lignin, which helps to increase the biogas production.
Frequently used acids for lignocellulosic biomass are H,SO,,
HNO, and H,;PO,. Antonopoulou and Lyberatos (2013)
reported that the combination of acids with thermal pre-
treatment caused an increase in soluble carbohydrate’s
concentration. Alkaline pre-treatment is one of the most
commonly used pre-treatment methods that usually
uses NaOH, Ca(OH),, KOH, and ammonia. An important
aspect of alkaline pre-treatment is that the substrate itself
consumes some of the alkali (Chen et al., 2014). Alkaline pre-
treatments are more effective than acidic ones because they
change the structure of lignin and increase the accessibility
to holocelluloses (Sambusiti et al., 2013). However, there
are also several disadvantages - high alkali concentration
in digester and high cost of chemical material. Alkaline
pre-treatments are performed by bases such as sodium;
potassium; calcium; and ammonium hydroxides. Literature
review shows that sodium hydroxide (Salehian et al., 2013)
and calcium hydroxide are the two most frequently utilized
alkalis in alkaline pre-treatment. However, their utilization
consumes much more time (order of hours or days) than
acid pre-treatment (minutes or seconds) (Sambusiti et al.,
2013). Calcium hydroxide may be preferable than sodium
and potassium hydroxides because it is a much cheaper
reagent, safer, more environmentally friendly, and more
easily recovered (Singh et al., 2015). In addition, Ca** has no
inhibitory effect on anaerobic digestion (Chen et al., 2008).
Nevertheless, it may not improve the biomass digestion
significantly alone because it is known as a weak alkali (Ji et
al, 2017). Generally, alkaline pre-treatments are used along
with other pre-treatments like thermal, hydrothermal, etc.
lonic liquids are salts that are in the liquid phase at
a temperature as low as room temperature (Venturin et
al, 2019). In fact, using ionic liquid pre-treatment results
in producing much less crystalline cellulose, causing it to
facilitate and accelerate enzymatic hydrolysis (Zhao et al.,
2009). lonic liquids can be applied under mild conditions
and their reactions result in negligible vapour pressures;
therefore, they can be recovered and reused after the
process (Tu and Hallett, 2019). Ozone is a strong oxidant and
the ozonation process can break cell wall, what leads to more

Table 2
digestion

Crop Type Pre-treatments
Rice straw alkaline 5 g NaOH-100g'; 200 °C
Corn stover alkaline 2.5% Ca(OH),
Wheat straw chemical ammonia, 0.70%; 105 °C
Sunflower alkaline 55 °C; 24 h; 4 g NaOH-100 gTS'1
Barley alkaline 30 g NaOH-100g™; 25 °C

Fatemeh Rahimi-Ajdadi, Masoomeh Esmaili

soluble and easily biodegradable lignocellulosic biomass
(Karuppiah and Azariah, 2019). Consequently, substrates
can be easily accessed and assimilated by anaerobic
microorganisms, resulting in improved efficiency of
hydrolysis and, in turn, anaerobic digestion. The advantage
of ozone pre-treatment is that it can be carried out at room
temperature and atmospheric pressure. However, this
process requires large amounts of ozone, resulting in high
cost. Table 2 shows the studies on different chemical pre-
treatments of several agricultural crop wastes processed by
means of anaerobic digestion.

Combined pre-treatments

Results of previous studies show that the combination
of pre-treatments can result in much better biogas yield
and the effect of pre-treatment alone is limited (Gu et al.,
2015). Hydrothermal pre-treatment — as one of the most
efficient physicochemical pre-treatments - is performed in
hot compressed water. It is widely recognized as a green
method without potential utilization of chemicals and
resulting pollution and thus gains high importance in
the 21" century (Chandra et al., 2012a). Its process allows
water molecules to penetrate lignocellulose network,
removes most of the hemicellulose and part of lignin in
biomass via degrading them into soluble fractions, and
loosens the recalcitrant structure. One of the advantages of
hydrothermal pre-treatment is that it performs a selective
hydrolysis of hemicellulosic fraction by using a cheap
reagent. Simo et al. (2016) studied the effect of hydrothermal
pre-treatment on sugarcane bagasse. They found that the
hydrothermal pre-treatment showed hydrolysis yield of
42.86%, increasing the amount of lignin from 22% to 47%
of dry matter without degradation of cellulose. Wang et al.
(2018) performed hydrothermal pre-treatment on rice straw
and examined the temperatures of 90, 150, 180 and 210 °C
for 15 min (heating rate of 10 °C-min™). Their results showed
a reduction of 30% in biogas yield at 210 °C. According to
theirresults, hydrothermal pre-treatment was not technically
recommended for biomethane production, especially at
higher temperatures; however, lower temperatures were
potentially suggested. Costa et al. (2014) compared the
effect of hydrothermal, acid and alkaline pre-treatments
on sugarcane bagasse and found that the best values
of biochemical methane production were obtained for
hydrothermal pre-treatment. Liquid hot water or steam pre-
treatment is a hydrothermal pre-treatment in which water is
used instead of steam. Pressure is provided to keep the water
in the liquid state at elevated temperatures (200-240 °C)

Chemical pre-treatments used for biogas production from certain agricultural substrates by means of anaerobic

Methane/biogas | Increased (%) References
(mL-gVS™)
133 122 Chandra et al., 2012b
260.7 - Jietal, 2017
538.1 mLg" 31.9 Wang et al., 2019
191 £3 26 Menardo et al., 2015
222 792 Neves et al., 2006
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for few minutes (Kumar et al., 2009). This method does not
require rapid decompression. Considering the microwave
method (steam explosion), a high temperature — from 160
to 260 °C at pressure ranging from 1 to 7 MPa — is used to
penetrate the substrate structure for a few minutes. Then,
in an explosive manner, the pressure is suddenly released
to allow the water molecules to escape (Sambusiti, 2013).
On the other hand, hemicellulose and lignin solubilize and
decompose into lightweight compounds and the secondary
explosion aids structural breakdown of the residual biomass
leading to finer particles (Paudel et al., 2017). In steam
explosion, a quick depressurization and cooling down
of the lignocellosic material take place after the steam
explosion, which do not occur in steam pre-treatment
(Hendriks and Zeeman, 2009). Oxidative pre-treatment,
including wet oxidation, hydrogen peroxide and ozone,
can enhance biogas production thanks to delignification
mechanism; moreover, oxidative treatment attack the
hemicellulose complex (Venturin et al., 2019). Wet oxidation
is one of the methods used for hydrothermal processing,
which has been used as a pre-treatment for lignocellosic
materials in anaerobic digestion. The inhibitory materials
of microorganisms, such as lignin (phenolics) and sugars
(furans) — produced as a result of a degradation phase — can
be oxidized to carboxylic acid (Klinke et al., 2002). Hydrogen
is a strong oxidant and it rarely remains in secondary
residues (Yu et al.,, 2019). It increases biodegradability of

Table 3
digestion
Crop Category Pre-treatment
Rice straw chemical plus 0.25; 0.5 M Ca(OH),; 90,
thermal 110,130°C;1,2,3h

chemical plus 1.5% HCl; autoclaved;
Wheat straw autoclaving 121 °C; 60 min
Sugarcane hydrothermal plus o
e Ca(OH), 160, 180, 200, 220 °C
Maize stalks lig hot water 120°C;1h
Barley straw lig hot water 90°C 1h

* — normalized methane production
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lignin, cellulose and hemicellulose. Since hydrogen peroxide
promotes a non-selective oxidation process, inhibitors
might be generated as lignin is oxidized to form of soluble
aromatic compounds (Hendriks and Zeeman, 2009). Table 3
shows selected researches in which the combination of the
pre-treatments was observed.

Biological pre-treatments

Biological pre-treatment by means of microorganisms
is considered an efficient method for biodegradation
promotion of lignocellulosic material (Zhao et al., 2019).
There are various types of biological pre-treatments - fungal,
enzymatic, ensilaging and microbial consortium - which
use commercial enzymes or fungi to reduce the degree
of polymerization of cellulose and partial hydrolysis of
hemicellulose. Microbial consortium increases lignin
degradation and methane thanks to fermentation of volatile
fatty acids (Ali et al., 2017). This process is environmentally
friendly because one avoids the formation of by-products and
chemical-free processes by using it. It has other considerable
advantages, such as the possibility to be used under mild
conditions, potential methane inhibition (Howard et al.,
2003), low energy consumption, and low initial investment
requirements. However, this type of pre-treatment is time
consuming and its application is limited. In a research, stover
was pre-treated via microbial consortium by Zhao et al.
(2019). The methane production increased by 62.85% and

Combined pre-treatments used for biogas production from certain agricultural substrates by means of anaerobic

Produced methane/ Increased (%) References

biogas (mL-gVS™)

max: 0.5 M Ca(OH),; Dehghani et al.,

110°C; 2 h; 292 mL-g™ 125 2015
0 NP* slurry =0 Bolado-Rodriguez
NP solid = 0.36 etal, 2016
max: 318 (180 °C; 8.5%) 47 Mustafa et al., 2018
267 9 Menardo et al., 2012
340 42 Menardo et al., 2012

Table 4 The optimum pre-treatments for some important agricultural crops
Crop (straw) Category Pre-treatments Methane/biogas | Increased (%) References
(mL-gVS™)

. chemical plus 2110 °C- Dehghani et al,,
Rice thermal 0.5 M Ca(OH),; 110°C; 2 h 292 125 2015
Wheat alkaline 4% NaOH; 37°C; 120 h 165.9 111.6 Chandra etal,

2012c
Corn alkaline 8 g NaOH 100 g™ substrate; 15 °C; 20 days 472 207 Zho;gﬁt all
Ensiled alkaline plus o R Sambusiti et al.,
sorghum thermal 10%9 NaOH g™T5; 1 h 336 32 2013
Safflower hydrothermal 120°C;1h 148.4 98.5% Hash;e(r)r;lget el
Sugarcane chemical plus | 2% H,SO, (g L™"); 121 °C; 15 min plus enzyme 200 208 Badshah et al.,
bagasse biological (cellulase, hemicelluloses and B-glucosidase) 2012
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the activity of Methanosaeta increased from 2.0 to 10.1%,
indicating significant enhancement of the community ability
to capture the acetic acid and reduce CO, to methane.

Considering all kinds of aforementioned pre-treatments,
a major achievement of previous studies lies in extraction
of optimal pre-treatments for certain important agricultural
crops, e.g. for rice straw, the highest increase in biogas
production (125%) was obtained when combined pre-
treatment including chemical plus thermal pre-treatments
was used (Dehghani et al., 2015). The physiochemical pre-
treatment including chemical plus thermal pre-treatments
(3% C,HsOH and 100 °C during 60 min) showed an increase
by 122% in biogas production (Olugbemide et al., 2019). The
combined pre-treatment including chemical plus thermal
pre-treatments that used 5% NaOH and 200 °C for 10 min
showed similar increase in biogas production (Chandra et
al, 2012c). For wheat straw, alkaline pre-treatment with
4% NaOH resulted in an increase by 111.6% in biogas
production. Optimal pre-treatments for selected important
agricultural crops are given in Table 4.

Conclusion

Due to recalcitrant nature of agricultural lignocellulosic
wastes, it is essential to use efficient pre-treatments
prior to anaerobic digestion. There are several types of
pre-treatments that are used for lignocellulosic materials,
such as physical, chemical, biological and combined pre-
treatments. The mechanical pre-treatments are commonly
utilized for particle size reduction, increasing the surface
area and decreasing the technical digestion time. Conducted
studies show that the physical pre-treatment combined
with other pre-treatments has much better results in terms
of degradability of lignocellulosic materials. Thermal or
hydrothermal pre-treatments showed good results in terms
of increasing anaerobic digestion degradation phase. Alkaline
pre-treatments are more effective than acidic ones. Chemical
pre-treatments have the advantage of easy usage, fastness,
and effectiveness in comparison to other pre-treatment
methods. Biological pre-treatments are environmentally
friendly because there are no by-products and the process is
chemical-free; however, it is time-consuming.
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EFFECT OF FIRES ON CERTAIN PROPERTIES OF FOREST SOILS
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Natural disturbances, such as forest fires, cause significant changes in the structure and functioning of semi-arid ecosystems. After
such disturbances, the impact on the soil ecosystem in its entirety is misunderstood. In this study, two years after the last fire,
changes in the physicochemical and biological properties of Aleppo pine forest soils in the semi-arid zone were observed. Among
all physical properties analysed, only the soil moisture remained significantly lower in the burnt zone in contrast to control zone.
Considering the chemical properties, the only negatively affected parameter is the rate of organic matter. In terms of biological
properties, results showed that the fire caused a significant decrease in soil microorganisms by decreasing basal respiration and
microbial biomass. Conversely, the metabolic quotient recorded higher values in the fire zone than in the control zone. These
results indicate that microbial communities in semi-arid soils, already stressed by climatic hazards, are very sensitive to the passage

of even low-intensity fires.

Keywords: degradation; organic matter; microbial biomass; semi-arid regions

The forest ecosystems of the Mediterranean basin contain
remarkable biodiversity, providing important economic
resources in terms of sylvo-pastoral production, as well as
tourism and leisure areas. Furthermore, they also provide
essential ecosystem services, e.g. water erosion reduction
by the retention of water in the soil (Eamus et al., 2005).
Drought is one of the most unfavourable and most common
constraints in arid and semi-arid regions (Sabaghnia and
Janmohammadi, 2014), and the presence of pyrophyte
species in these regions, such as Cistus (Cistus ladaniferus)
or Aleppo Pine (Pinus halepensis Mill), can promote fires
(Borsali, 2013). Soil degradation by any means represents
one of the most significant issues in terms of maintaining
the soil quality (Nouraein et al., 2020).

Numerous authors confirm that the origins of fire
are mainly related to humans and directly depend on
imprudence and insouciance of people, especially in
terms of the agricultural and pastoral utilization of land
(Meddour, 2014). According to the statistics provided by the
Direction General of Forests, Algeria is seriously affected by
fires, especially the north of the country. In 2017, the total
area burnt by fires was 51,908 ha. Due to the significant
evolution of this disaster and observed damage on the
forest ecosystem, it is highly recommendable to investigate
the changes in properties of these burnt soils.

Certini (2005) synthesizes the effects of fire on the
properties of forest soils and shows that the main factor is
the severity of fire, which depends on the environmental
factors involved in the combustion processes: quantity;
nature and moisture of the dead and living combustible;

Contact address:

wind speed; and site topography. This severity depends
on two factors: the intensity and duration of the fire. High
intensity combined with a long duration of fire would cause
the greatest damage to vegetation and soil. The decline
in soil protection leads to lower stability and, as a result,
increased vulnerability to erosion risk (Hart et al., 2005).

The increase in the number of fires and their frequency
have reduced the time between the two successive fires to
less than 20 years (Vennetier et al., 2008). Their effects on
soil biology are both direct - instantaneous destruction of
organisms living on the surface — and indirect — environment
modification (soil, vegetation cover) (Uroz et al., 2014). In
addition to their effect on physicochemical parameters,
fires also directly or indirectly affect the soil organisms.
Direct effects induce short-term changes that modify
species composition and abundance of taxonomic groups
(Gongalsky et al., 2012).

Algerian soils are naturally vulnerable, sometimes highly
degraded, especially in the semi-arid zone. These soils are
highly affected by the issue of forest fires and their impact
on soils is not very investigated by scientists. In addition,
the difficulty of returning to an optimal performance level
after fire must be enlightened by an objective evaluation
of the short-term return dynamics of these soil properties.
In order to answer the most significant questions related
to the state of Algerian post-fire soils, a comparative study
of selected physicochemical and biological parameters of
a soil after two years of the last fire and a control soil that did
not undergo fire for twenty years was carried out.
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Study area

The study area is in the semi-arid
bioclimatic stage of Ouled Khaled
Saida. This private forest, known as
Keroua, is located between (34° 54
55.00,N 0°729.14" E). It covers an area
of 760 ha (Fig. 1).

This bioclimatic domain receives
34516 mm of precipitation with
a seasonal rainfall regime of winter,
spring, summer and autumn (WSSA).
According to the Saida Meteorological
Station (SMS, 2017), the maximum
average temperature is 24.6 °C; the
minimum average temperatureis 11 °C
and the thermal average amplitude
is 19.9 °C. In the observed area, the
number of fires for the period from 1999
t0 2016 is 190 in total, which destroyed
a total forest area of 3,355.25 ha. This
corresponds to an annual average of
10.56 fires and 186.40 ha of burnt area.
The number of fires varies from year to
year — in 2007, fires burnt the smallest
area of 9 ha, and in 1999 an absolute

maximum of 1,160.5 ha, while in 2015,
only a small number of fires (9) was
recorded, yet a total forest area of
720.75 ha was destroyed as a result.

The plots wused for control
measurements are in the same area but
were not affected by fires for at least
twenty years. This zone is characteristic
with good density of vegetal cover
dominated mainly by the Aleppo Pine
and different plant strata.

Methodology and soil sampling

The study of the fire effects on the soil
properties required determination of
an appropriate methodology with the
thematic, for that, the following criteria
were respected:

1. the forest cover in observed zone
was to predominantly compose of a
monospecific population of Aleppo
pine;

2. the control zone must be at least by
50 m away from the fire border;

3. the analysis is conducted two years
after the fire that was recorded in
2015. Thus, the plots were visited in

Fig.1 Location of the observed zone

spring of 2017 for the collection of

soil samples.

In each zone (burnt and control),
five plots were randomly selected.
Soil samples were taken from the
first horizon with a depth of 0-10 cm,
sieved to particle size of 2 mm at
maximum and conditioned in cold for
biological analysis.

Physical analysis

Soil moisture content (d.b.) was
determined by weighing a certain
amount of soil before and after drying
in an oven at 105 °C for 24 h. The soil
mass loss represents the mass of water
evaporated during drying (Mathieu
and Pieltain, 1998). The soil moisture
content was determined as follows:

u:(wjmo (%) M

Mgz — M,

where:

u - soil moisture content (%); mg, -
mass of empty breaker (g); mgz, — mass
of breaker + fresh soil (5 g); mg; — mass
of breaker + dried soil (g)

Soil permeability is given by
the height of water measured per
centimetre of infiltration per unit of
time (Mathieu and Pieltain, 1998).

The samples were placed in
graduated cylinders up to 100 ml,
which are then filled with distilled
water up to 200 ml. Subsequently, it
is left resting for 12 h, and after it, the
water height is measured. Permeability
is defined as follows:

K=0.857-h )

where:
K — permeability (cm-h™); h — water
height (cm)

The soil sample is moistened for
12 h by capillary rise in a sintered
glass Buchner filter. Then, the filter is
placed on a vacuum flask connected
to a water pump to remove water in
pores with a diameter less than 8 um.
The retention capacity (RC) is defined
as the water content remaining in the
soil after 24 h (Saetre, 1998). It was
calculated according to the following
formula:

Rcz{(mn ~my)~(m, ""m)}oo %) (3)
(msa _mB1)
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where:

RC - retention capacity (%); mg, — empty filter mass (g);
mg, — filter mass with moistened soil for 12 h (g); mg; - mass
of (filter + moist soil) after drying for 24 h at 105 °C (g)

The bulk density (pv) corresponds to the dry mass of
a soil volume, the structure of which has not been disturbed,
knowing the constant dry mass of the sample at 105 °C and
the volume of the cylinders used (Blake and Hartge, 1986).
Bulk density was calculated according to the following
formula:

pv=—>=t (4)

where:
pv - bulk density (g-cm™); m; - dry soil mass (g); V - cylinder
volume (cm?3)

V=n-r*-h

where:
1 - 3.14; r — cylinder radius (cm); h - cylinder height (cm)

The measurement of the real density (p) was determined
by the pycnometer method, which consists of determining
the volume of benzene displaced by the solid phase of
sample with a known mass in a known volume (Pétard,
1993). The real density was obtained as follows:

p=—>= (5)

(6)

where:

p - real density (g-cm™); m, — 10 g of soil dried in oven at
105 °C (g); V - volume of used soil (cm?); mg, - mass of
pycnometer filled with benzene up to the mark (g); mg, -
mass of pycnometer with 10g of soil filled with benzene
up to the mark after the disappearance of air bubbles (g);
pg — benzene density (g-cm?)

The porosity was determined by the following formula:

p= [M} 00 (%) )
p

where:
p - porosity; p — real density (g-cm?®); pv - bulk density
(g-cm™)

The soil electrical conductivity measurement was
performed by a conductivity meter HI2300, (HANNA
Instruments, Italy) using a ratio of 20 g of dried fine soil in
the open air and 50 ml of distilled water (Paycheng, 1980).
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Chemical analysis

The measurement of the pHy o and pHy, of the soil is an
empirical measurement. For the measurement of PHH20r
20 g of fine soil dried in the open air were mixed in a beaker
with 50 ml of distilled water. For the measurement of pHKCI,
20 g of soil and 50 ml of potassium chloride were mixed in
separate beaker (Paycheng, 1980). The measurements were
conducted using a pH meter HI2210 (HANNA Instruments,
Italy).

Total limestone (CaCO,) was estimated by the Bernard
calcimeter. This method allows the measurement of the
volume of CO, released by the soil samples under the action
of hydrochloric acid (HCI). The total limestone was calculated
using the following expression:

TL= KV‘J(”’BHWO (%) @8)
Mg, Vv
where:

TL - total limestone (%); mg - reference sample mass
(CaCO; =1 g); mg; — mass of soil samples (1 g); V - volume
generated by reference sample (V = 225 cm?); V, - volume
generated by soil samples (cm?)

The organic matter (OR) was determined by mass loss of
dry sample after the calcination at 550 °C for 16 h. It was
calculated using the following formula:

OR = (mB1 _mB)_(mBZ _mB)
(mB1 - mB)

}1 00 (%) 9)

where:

OR - organic matter (%); m; - empty breaker mass (g);
mg, — breaker mass with dried soil (g); mg, — breaker mass
with calcined soil (g)

Biological analysis
Basalrespiration (BR) was measured accordingtothe protocol
described by Anderson and Domsch (1978) to assess the
physiological status of soil microbial communities. Ten grams
(dry equivalent) of fresh soil kept at 4 °C were weighted in
a glass phial (117 ml). The phials were hermetically sealed
with a plug immediately after the replacement (4 min) of
their internal atmosphere by a stable CO, concentration
atmosphere and incubated for 4 h at 25 °C. After incubation,
an aliquot of phial atmosphere (1 ml) was injected using
a syringe into a gas chromatograph (Chrompack CHROM3 -
CP 9001). Ambient CO, concentrations were subtracted
from the CO, concentrations measured after incubation to
obtain the amount of CO, produced by the heterotrophic
microorganisms contained in the sample.

Microbial biomass (MB) was estimated using substrate-
induced respiration (SIR) rates (Anderson and Domsch,
1978).Ten grams (dry mass equivalent) of sub-samples were
placed in 117 ml glass jars and amended with powdered
glucose (1,000 pgC-g™). One millilitre of air was sampled
in the head space with a syringe and injected into a gas
chromatograph (Chrompack CHROM 3 - CP 9001). SIR
rates were converted to microbial biomass value using the
equation given by Beare et al. (1990).
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The metabolic quotient (gCO,) was calculated as follows
(Anderson and Domsch, 1978):

BR

co, - BR
KRRV

(10)

where:

gCO, - metabolic quotient (mg C-CO,(g Cmic)"h™);
BR - basal respiration (ugC-CO,-g”' DM-h™"); MB - microbial
biomass (ugCmic-g™' DM)

Statistical analysis

Collected data were analysed using the Minitab 17 software
(Minitab, LLC, company, United States). The 5% threshold
comparison test was used to compare the averages
(student’s test). The thresholds of significance considered
are: (* Significant: P <0.05; ** Very significant: P <0.01; ***
Highly significant; P <0.001; NS: Not significant).

The results obtained by the chemical properties evaluation
show that the organic matter content of burnt soils (7.73%)
was significantly lower compared to the control zone
(16.08%) (P <0.001). However, the statistical tests of the
other properties do not indicate a significant difference,
only a slight decrease was noticed for total limestone in the
burnt soil in contrast to control zone. The average values of
PHy,0 and pHyg approach each other in both zones.

The fire did not significantly affect the physical
parameters except soil moisture. Here, a decrease of 4.89%
between the burnt zone and its control zone (P <0.05) was
observed. In terms of permeability, retention capacity,
porosity and electrical conductivity, a slight decrease
was observed in burnt soils compared to control zone.
Considering the bulk density and real density, an increase in
both parameters was observed in the burnt zone in contrast
to control zone (Table 1).

The results obtained for the biological analyses show
that the basal respiration and microbial biomass were
significantly lower in burnt area than in control zone
(P <0.001) despite the passing of two years since the
fire. decrease was approx. 1.09 (ug C-CO,g" DM-h™) for
basal respiration and 0.19 (ugCmic-g” DM) for microbial
biomass.

Considering the metabolic quotient, there was
a significant increase (P <0.05) in burnt zone compared to
control zone - values 14.59 and 8.02 (mg C-CO,-(g Cmic)-1 -h,
respectively (Fig. 2).

Two years since the fire, results show that organic matter
decreased significantly in the burnt soil compared to control
zone. According to Verma and Jayakumar (2012), high
intensity fires can result in a total loss of soil organic matter.
Similarly, Annabi et al. (2009) recorded critical organic
carbon values for forest soils in the semi-arid zone eight
years after the last fire.

The role of organic matter as a cementing agent for soil
aggregates is extremely important after a fire (Granged et
al., 2011). Therefore, the higher the organic matter content
in soil, the better the cohesion between soil particles, and
thus higher resistance to erosion.

This deficit in organic matter is a direct result of the
combination of total vegetation burning in this area and
the water erosion phenomenon. Van der Werf et al. (2010)
and Guenon et al. (2011) reported that fires eliminate large
quantities of organic matter from ecosystems by vegetation
burning and complete oxidation of soil organic matter.
Furthermore, Knicker (2007) concluded that erosion and
burning progressively deplete organic matter and nutrients
of soil. Wind and water erosion of ash is a significant risk
in recently burnt areas. In general, the wind carries them
to gullies, where they accumulate and from which they
are leached by runoff, causing a net loss of soil fertility
(Vennetier et al., 2014).

In terms of the rest of chemical properties, the average
values of the two zones (burnt and control) were getting
closer, showing the absence of a significant difference.
This means that either these soil properties have not been
affected by the fire from the beginning, or the impact was

Table 1 Physicochemical properties of burnt and control soils

Properties Burnt Control Signification

Chemical PHy0 7.64 7.64 NS

PH ¢ 7.40 7.38 NS

organic matter (%) 7.73 16.08 e

total limestone (%) 15.80 20.98 NS

Physical bulk density (g-cm?) 1.23 1.05 NS

real density (g-cm™) 242 239 NS

total porosity (%) 49.17 56.07 NS

moisture (%) 333 8.22 *

retention capacity (%) 61.20 79 NS

permeability (cm-h™) 263 274 NS

electrical conductivity (dS-m™) 0.18 0.22 NS
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Fig.2 Variation in biological properties in burnt and control
soils

particularly significant during the first months after the
fire, and over time, the differences between the two zones
gradually disappeared.

Study results indicate that after two years since the
last fire, the physical properties of these soils were not
significantly affected with exception of the moisture - there
was a decrease in this value in the burnt zone compared
to control zone. The results obtained corroborate those
obtained by Mabuhay et al. (2006), who reported that after
thirteen months, the soil moisture content was significantly
higher in the unburnt site in contrast to the burnt site.
Moreover, Holden et al. (2013) reported a decrease in soil
moisture after the fire.

The decrease in soil moisture is due to absolute
destruction of trees protecting the soil against the direct
effect of solar radiation, and their replacement by the
herbaceous stratum, which increases the use of water in the
superficial horizon. This will accentuate evapotranspiration
in burnt soils. Mulumba and Lal (2008) demonstrated the
relationship between the soil organic matter and moisture:
they observed that moisture increases in soils containing
higher amount of organic matter, which comes from plant
residues.

Considering the other physical properties, there were
only slight differences between the two areas, but these
were not statistically significant. Bulk density and real
density increased in burnt soils in contrast to control zone;
this increase in density reduced the porosity, permeability
and retention capacity in burnt soils.

After two years since fire, basal respiration and microbial
biomass in burnt soils remained lower in all cases compared
to the control zone. Therefore, the effect of this constraint on
the soil biological properties can persist for multiple years
after the fire passage. According to the results obtained
by Holden and Treseder (2013), microbial reactions were
significantly negative after fires, a reduction in microbial
biomass was positively correlated with low values of
microbial respiration. After the fires, Smith et al. (2008)
observed a reduction in microbial biomass and diversity
of microorganisms. Furthermore, Barcenas et al. (2011)
reported that soil respiration decreased to lower values in
contrast to unburnt reference site thirty-two months after
the fire.

This decrease in basal respiration and microbial biomass
was due to low rate of organic matter and moisture in these
burnt soils, which prevented the rapid maintenance of
microbial communities. Papa et al. (2008) suggested that
a low moisture and high temperatures can be considered
the most important factors affecting soil biological activities
in Mediterranean ecosystems.

The metabolic quotient is used as an indicator of the
physiological state of soil microorganisms. It shows how
efficiently microorganisms use the available carbon in
soil for their biosynthesis (Anderson, 2003). FlieBbach et
al. (2007) suggested that high values of qCO, reflect the
growing microbial communities with high energy needs
to sustain themselves, while low values of qCO, indicate
less disturbed soils, harbouring communities, more
diversified communities with more prominent mutual

interactions.
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Statistical analysis shows that the metabolic quotient
in the burnt zone was significantly higher compared to the
control zone. Therefore, the fire has a negative impact on the
microbial community metabolic efficiency. This confirms our
results (decrease of basal respiration and microbial biomass)
and shows that the microbial population of these soils is still
stressed and affected by the fire even after two years of its
passage.

Conclusion

Forest fires are one of the most widespread factors
responsible for the degradation of forest ecosystems in the
world, especially their frequency poses a permanent threat
to the already fragile biodiversity in the Mediterranean
basin. In this study, changes in the physicochemical and
biological properties of forest soils after two years since the
last fire were evaluated.

The results of the physicochemical properties show
that, after two years since the last fire, only the soil organic
matter content and soil moisture are significantly affected
with lower rates in the burnt area in contrast to control
zone. A slight decrease in permeability and water retention
capacity is caused by a reduction in porosity resulting from
the increase in bulk and real density. Considering the rest
of the chemical properties, the recorded values were almost
similar, indicating the absence of a significant difference
between the two zones.

In terms of biological properties, the burnt zone showed
lower rates of basal respiration and microbial biomass
compared to unburnt zone. The metabolic quotient was
significantly higher in the burnt zone in comparison to
control zone, indicating persistent disturbance of the
microbial community in these soils.
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PREDICTIONS OF THE APPLE BRUISE VOLUME ON THE BASIS OF IMPACT ENERGY
OR MAXIMUM CONTACT FORCE USING ADAPTIVE NEURO-FUZZY INFERENCE
SYSTEM (ANFIS)

Farhad FAZEL', Abdollah GOLMOHAMMADI"*, Gholamhossein SHAHGHOLI", Ebrahim AHMADI?

'University of Mohaghegh Ardabili, Ardabil, Iran
*Bu-Ali Sina University, Hamedan, Iran

Fruit quality drops significantly due to physical impacts and contact forces. Stress on the fruit surface during harvesting,
transportation and storage operations causes bruising in its tissue and eventually result in fruit failure. Therefore, prediction of
the bruise volume caused by impacts can be very important. In this research, adaptive neuro fuzzy inference system (ANFIS) was
used to predict the bruise volume caused by the impacts on apples. The input parameters were the maximum contact force or
impact energy; curvature radius at the contact point; temperature; and fruit mass. Its response was the bruise volume. The results
show that the ANFIS models operated better in the bruise volume prediction than regression models. Between different available
ANFIS models, the model based on the grid partitioning showed the best results with a mean squared error of MSE = 0.00015941,
which was less than value showed by the sub-clustering mode. However, its implementation time to reach a fixed error was longer.
Eventually, impact energy-based models, in contrast to maximum contact force-based models, were more capable in terms of the

apple bruising prediction.

Keywords: stress; transport; contact point; curvature radius

Annually, large quantities of agricultural products are
degraded due to bruise and other mechanical damage
during harvesting, transportation, storage and packaging.
One of the most important reasons for deterioration of
the quality of fresh fruit market is bruising (Ahmadi et al.,
2016). Common mechanical damage during harvesting and
transportation of fruits is defined as plastic deformation,
surface rupture and tissue destruction due to external forces
(Lewis et al., 2008). The factors affecting damage severity
are fruit falling height, contact energy, number of contact
points, type of contact surface and size and ripeness of the
fruit (Roth et al.,, 2005). Identifying the impact situation,
which can cause bruises, is essential to improve methods
and equipment for harvesting, transportation and grading
process (Van Linden et al., 2006). Three important factors
cause fruit damage: impact, vibration and compressive force
(Diezma et al., 2006).

In order to provide models for fruit bruise prediction,
it is important to determine the fruit physical properties.
In recent years, certain types of equipment have been
developed to simulate the dynamic impact, from among
which the impact table and the pendulum device are the
most applicable for impact testing of agricultural products.
Since the impact location on the fruit is not controlled
in the table, using pendulum to make impact and fruit
bruises appears to be more reasonable (Abedi and Ahmadi,
2013). The bruise volume prediction models include main
and minor variables, which are considered independent
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variables. The main variables depend on the impact
characteristics, and include factors such as the maximum
contact force,impact energy, impact time, and falling height.
The sub-variables are related to the fruit characteristics,
such as temperature, stiffness, storage time, harvesting
history and curvature radius (Diezma et al., 2006). Among
main variables, two variables — impact energy and the
maximum contact force — are mostly used for determining
the bruise volume (Van Zeebroeck et al., 2007). They have
both advantages and disadvantages. A model, in which the
maximum contact force is an independent variable, can
be generalized to materials with different curvature radius
and properties. For example, bruise damage will be greater
when an apple falls on a hard plate than on a second apple.
But in a case of impact energy as an independent variable,
the estimated bruise is the same for both. Disadvantage
of the model, in which the maximum contact force is used
as an independent variable, lies in the fact that contact
force is a function of sub-variables, such as temperature,
stiffness, curvature radius, etc. Therefore, without taking
these variables into account, the estimated bruise will
be inaccurate. However, model based on impact energy
criterion does not have these defects (Van Zeebroeck et al.,
2007). The bruise volume and dynamic yield pressure are
calculated as dependent variables in the bruise prediction
models (Menesatti and Paglia, 2001).

In the past, mathematical models were used to find
the relationship between inputs and outputs in a process.

Abdollah Golmohammadi, University of Mohaghegh Ardabili, Ardabil, Iran



However, this classical logic approach requires a precise
definition of the mathematical model equations described
for that phenomenon.Today, it has been proven thatin many
applications that fuzzy logic (FL) is superior to the classical
mathematical procedures for achieving artificial intelligence
(Al) solutions goals, since FL is conceptually very simple and
flexible. In fact, it is easy to set up a fuzzy system to solve
a complex problem using organized if-then rules (Moinfar
and Shahgholi, 2019). In recent years, learning techniques
have been widely used to develop uncontrolled systems for
assessing the food quality (Du and Sun, 2006). In contrast to
other learning techniques, ANFIS has higher training speed,
effective learning algorithms and software simplicity (Jang
and Sun, 1997), as well as faster convergence and better
results when used without any prior knowledge (Altug et al.,
1999). Hence, ANFIS as a modelling tool has been used in
agricultural technology (Zheng et al,, 2011); food rheology
(Karaman and Kayacier, 2011); food processing (Amiryousefi
et al.,, 2011); performance prediction (Khoshnevisan et al.,
2014); and various extractions of plants and vegetables
(Jhin and Hwang, 2014). Models of artificial intelligence
have various applications, including in apple bruising
prediction (Barreiro et al., 1997), fruit grading (Effendi et al.,
2010), and apple drying process modelling (Khoshhal et al.,
2010). The purpose of this study was to develop the artificial
intelligence models for predicting the apple bruising using
the impact energy or maximum contact force with fruit
properties, such as temperature, density, and curvature
radius as independent variables.

For the purposes of experiment, certain numbers of apples
were taken several times in 2014 from the Shend Abad
Shabestar gardens. Apple samples were of Golden Delicious
variety. To prevent any damage to the fruit, the harvesting
was carried out manually and apples were carefully placed
in plastic boxes for transportation. The fruits were stored in
a refrigerator at a temperature of 3 °C at a relative humidity

of 85%. The fruits were stored at desired temperature
for at least 10 hours prior to test (Ahmadi et al., 2010).
The maximum duration of test conducted on each fruit
was 5 minutes, in order to reduce apple warming. A total
number of 58 apples was tested. The curvature radius was
measured by means of radius meter on the fruit parts, which
were under the test (radius meter by LG with a resolution of
0.01 mm, Fig. 1a). The fruit curvature radius measurement
was carried out using Eq. 1 (Mohsenin, 1986; Fig. 1b):

2

(AQ) +@ M
8(BD) 2

Radius =

where:
AC - distance between A and C bars (mm); BD — curvature
between A and C bars (mm)

Since apples cannot be considered completely spherical,
the mean of harmonic curvature radius was calculated on
the basis of the circumferential and the meridian radius at
the impact area.

A pendulum was used to test the fruit; it was equipped
with a 57.7 cm long wooden arm, an aluminium impactor,
and a place to accommodate acceleration and force sensors.
The accelerometer sensor (PCB 320c33, PCB Piezotronics,
USA, sensitivity: 105.2 mV-g™') was placed on the rear sensor
and then on the potentiometer sensor (PCB 208c02, PCB
piezotronics, USA, sensitivity: 10.97 mV-N""), which was on
the impactor head. An incremental optical encoder (Autonic
E 5058, resolution: 0.018, made in Korea) was also installed
on the joint of pendulum bar (Fig. 2). The collision force was
directly calculated by potentiometer, displacement rate by
an accelerometer and displacement by an encoder, which
basically measures the angular position of the impactor.
These parameters were analysed by means of four-channel
data processing system (ECON, AVANT Lite, model: MI-6004).
The description of calculated parameters by the pendulum
through the energy method has been described in detail by
Abedi and Ahmadi (2013).

Fig. 1

Curvature radius meter (a); required dimensions to compute the curvature radius (b)




Fig.2 Pendulum (a); impactor (b)

Fig.3 Measurement of the diameter and depth of the bruise
in apple cross section

The bruise volume was used as a dependent variable
in bruise prediction models. The apple was observed
after twenty-four hours post-impact; the diameter of the
impacted bruise surface was measured, and subsequently,
the thickness was measured by making a vertical shear
perpendicular to the bruise surface (Fig. 3). Finally, the
bruise volume was calculated according to the method used
by Chen and San (1981):

BV = ngz 2

where:
BV - bruise volume (mm?3); d - bruise depth (mm); D - bruise
diameter (mm)

Bruise prediction models include either impact energy,
or maximum contact force at the moment of collision as
major independent variables and other input factors are
minor independent variables. Independent variables used
in the regression and ANFIS models are: E —impact energy, J;
PF - peak force, N; two fruit temperatures (T) of 3 and 20 °C;
R - curvature radius at the contact location, mm; p — apple
density (kg-m?).

Multiple stepwise regression was used to form the
bruising patterns. This method analyses were carried out in
Minitab 18 software.

Adaptive neural network (ANFIS) as a basis for fuzzy
inference systems

The principle of ANFIS is based on fuzzy inference
system (FIS) input/output data. This system is based on the
rules of combination of three components: membership
functions of input/output variables (fuzzy), fuzzy rules (rule
base), mechanism inference (combination of rules with
fuzzy input), and output and system results characteristics
(defuzzification) (Krueger et al., 2011). Frequently, ANFIS
systems are using Takagi-Sugno-Kang (TSK) fuzzy system
(TSK), which is a progressive network structure.

For simplicity, it was assumed that the fuzzy system has
two inputs — x and y — and an output - z. The rules are as
follows.

Rule 1:if xis A, A yis B, then f, =P, x + gy + r, (3)

Rule 2:ifxis A, Ayis B, thenf,=Px+q2y+r, (4)

If the centre method is used for defuzzifying (converting
the final system output to a classical number), the output
will be as follows:

w. w.

f=— >~ —f+—2
woHwW, W, W,

f, =wif, +w,f, (5)

The ANFIS equivalent structure with five layers will be as
follows (Fig. 4).

Layer 1 (input nodes): in this layer, the membership
degree of input nodes to different fuzzy intervals is
determined using the membership function:

Oj =y () fori=1,21 0} =g (y) fori=1,2 (6)

The Gaussian membership function Ha,(x) is expressed in
terms of the parameter set g, ¢; (initial parameters) and the
input x of the i node.




Acta Technologica Agriculturae 3/2020

Fig.4 The structure of the best ANFIS models for bruising prediction: Inference
system using grid partitioning method (a); Inference system using sub-

clustering method (b)

2
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Layer 2 (rule nodes): each node in
this layer calculates the degree of arule
activity.

Uy (X)=exp —[

07 =w, =y (%) X g (y) 8)
i=1,2

Layer 3: the output of this layer is
the normalized to the previous layer:

Layer 4 (output nodes): in this
output layer, each node is equal to:

0! =w/f =w,(Plix+qy+r) (10

Layer 5 (output nodes): in this layer,
each node calculates the final output

value as follows (the number of nodes
is equal to the number of outputs):

S
Overall output =0; => w,f = "ZW

The training of these systems
means that educational data, the
nonlinear parameters related to the
fuzzy membership functions in the
first layer and the linear parameters
of the fourth layer are determined so
that the desired output is obtained
for the desired input. The hybrid
training method is one of the most
important methods for teaching the
fuzzy inference systems based on
the adaptive neural network. In this
method, for the first layer, the method
of post-propagation error is used, while
in the fourth layer, the least squares
estimation method is used (Jang
and Sun, 1997). In this paper, several
models were provided on the basis
of preceding parameters in MATLAB
software (Version7.12.0) and in Fuzzy
Logic Toolbox.

(amn
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Results and discussion

Several models were developed on
the basis of the ANFIS techniques and
stepwise regression to predict the
bruise volume value. The first series
of models used the maximum contact
force as input parameter; the second
series used the impact energy for
this purpose. Among the developed
models, models with a higher
coefficient of determination (R%) were
presented in Tables 1 and 2 in order to
compare their performance. As shown
in Tables 1 and 2, ANFIS models have
the highest mean squared error (MSE)
and determination coefficient (R?);
the step-by-step regression models
have the lowest determination
coefficient (R?).

Comparison of ANFIS models

Among different ANFIS configurations,
grid partitioning-based model had
a higher R? than the sub-clustering
model, but its execution time to get
the fixed error took longer. This can
be attributed to the number of rules
created in each of these models. In
a grid partitioning-based model, the
space of each input is divided into
equal intervals, and a rule is set in
each of the multidimensional spaces
derived from all different input
combinations. As a result, the number
of rules increases with increasing
inputs. In a sub-clustering model, data
mining is first performed on a data set;
the spaces, in which there is a higher
number of data, are identified for
each input, and instead of dividing
inputs into equal intervals in areas, in
which the number of data is greater,
membership functions are created
with smaller intervals. Therefore, rules
are created only in certain domains
and the number of rules decreases. Fig.
4 shows the general structure of the
two network separation methods. It
also demonstrates different clustering,
in which the grid partitioning has
54 rules and the sub-clustering model
has 15 rules. The higher the number of
rules, the more precise and slower the
network execution. Such behaviour
has also been reported by Ay and Kisi
(2014).
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Table 1 Results of adaptive neuro-fuzzy inference system and stepwise regression for the bruise volume prediction on the
basis of maximum contact force (F), curvature radius (R), temperature (T) and mass (M)
Model Type of MF Number of MF Optimization method RMSE R?
input output input epoch

Grid partitioning trimf linear 2333 20 hybrid 0.00017625 1
Grid partitioning gaussmf linear 2333 20 hybrid 0.00059748 1
Grid partitioning tramf linear 2333 20 hybrid 0.00017041 1

gbellmf linear 2333 20 hybrid 0.0011199 1
Grid partitioning

reject ratio | accept ratio squash factor range of influence -
Sub-clustering 0.15 0.5 1.25 0.5 0.0020133 1
Regression BV =103.821+T-2.595R + 4.037F - 0.334M - 0.6842
Table 2 Comparative neural fuzzy inference system and stepwise regression for the bruise volume prediction on the basis of
impact energy (E), curvature radius (R), temperature (T), mass (M)
Model Type of MF Number of MF Optimization method RMSE R?
input output input epoch

Grid partitioning trimf linear 2333 20 hybrid 0.00016625 1
Grid partitioning gaussmf linear 2333 20 hybrid 0.00023578 1
Grid partitioning tramf linear 2333 20 hybrid 0.00015941 1

gbellmf linear 2333 20 hybrid 0.0011012 1
Grid partitioning

reject ratio | accept ratio squash factor range of influence -

Sub-clustering 0.15 0.5 1.25 0.5 0.0033166 1
Regression BV =128.143 + 0.854T - 1.459R + 2,559.185E - 0.318M - 0.6954

Membership functions comparison

Four types of the most common fuzzy membership
functions were used in this study. These functions include
Gaussian, triangular, trapezoidal, and generalized bell
functions (Fig. 5). For both models, the trapezoidal
membership function showed the maximum contact force,
as well as impact energy, having the best performance and
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the lowest mean squared error (MSE). The triangular and
Gaussian membership functions are ranked the second in
terms of performance, respectively. Such functions are also
derived from the membership functions in other researches
(Taghavifar and Mardani, 2014).

b - : mmnm*"(-wl’u

Fig.5 Membership functions

a - trapezoidal; b - generalized bell; c - triangular; d - Gaussian




Table 3 Statistical characteristics of stepwise regression model for the bruise volume prediction (BV) on the basis of maximum
force (F); curvature radius (R); temperature (7); mass (M)
Model Equation Unstandardized coefficients Standardized coefficients
parameters X
B Std. error Beta t sig
constant 103.821 75.113 1.382 0.179
BV =103.821 T 1.000 1.273 0.082 0.786 0.439
+T-2.595R + R -2.595 2.118 -0.168 -1.225 0.232
4.037F-0.334M F 4,037 0.524 0.801 7.708 0.000
M -0.334 0.381 -0.110 -0.875 0.390

Table 4 Statistical characteristics of stepwise regression model for the bruise volume prediction (BV) on the basis of impact
energy (E); curvature radius (R); temperature (T); mass (M)
Model Equation Unstandardized coefficients Standardized coefficients
parameters -
B Std. error Beta t sig
constant 128.143 74.459 1.721 0.098
BV =128.143 + T 0.854 1.293 0.070 0.666 0.515
0.854T - 1.459R
+2,559.185E R -1.459 2.210 -0.094 -0.660 0.515
-0.318M E 2559.185 339.202 0.819 7.545 0.000
M -0.318 0.387 -0.105 -0.823 0.418

Comparison of regression models

Two different models were developed to predict the bruise
volume. The first model used the maximum contact force as
an independent variable and the second model used the
impact energy as an independent variable. Both models
provided relatively low performance in terms of prediction.
Both models showed determination coefficient R* of 0.758
and 0.776 for the maximum contact force and impact
energy models, respectively. The statistical analysis of data
of these models are shown in Tables 3 and 4, respectively.
These results can be attributed to the nonlinear behaviour of
biological materials under the effect of mechanical changes,
which makes it difficult to model such phenomena using
regression models. Impact energy-based models, as they
have been mentioned by multiple researchers (Ahmadi et
al., 2010; Abedi and Ahmadi 2013), are more capable of the
bruise volume prediction. The reason is that the maximum

contact force depends on its sub-variables: temperature,
stiffness, bending radius, etc.

Observation of the surface curves

The output results of the ANFIS models are three-
dimensional diagrams, which indicate the effect of changes
in input parameters on the output (T, R, F, M are input
variables and BV is the model output, Fig. 6A, B). As shown
in Fig. 6A, B a, b, d, with an increase in the maximum contact
force, the bruise volume also greatly increased, which has
been reported in numerous studies (Ahmadi et al. 2010; Van
Linden et al., 2006). The fruit bruise from the impact varies
on the basis of fruit tissue and environment temperature.
At lower temperatures, the force effect on the bruise is
considered much more severe. According to Fig. 6A, B a, d,
e, it is evident that, in fruits with a smaller curvature radius,
more damage occurred due to the impact. The fact is that, at

Fig. 6A 3D Curves of the bruise volume versus effects of input factors
a - temperature - curvature radius; b — temperature — maximum force
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Fig. 6B 3D Curves of the bruise volume versus effects of input factors
c - temperature - mass; d - curvature radius — maximum force; e - curvature radius — mass; f - maximum force — mass

the point in which the impact occurs, if the curvature radius
and area under tension are small, the tension will be greater
at this point (Ahmadi et al., 2010). Given the existing forms, it
is not possible to give a definitive account of the temperature
effect on the bruise volume. In Fig. 6A b, ¢, the bruise volume
decreases with increasing temperature; however, in Fig. 6A
a, there is almost a different trend in the temperature effect
on the fruit bruise volume. This can be due to other factors
involved in this phenomenon, the effect of which cannot be
ignored. Therefore, careful examination of the temperature
effect on the bruise volume by conduction of special tests
and analyses is recommended.

Conclusion

1. ANFIS models presented a much better performance
than regression models in terms of the bruise volume
prediction. All ANFIS models showed a coefficient of
determination value exceeding 0.95, while regression
models reached a coefficient of determination of less
than 0.7.

2. Among the ANFIS models, the created models based
on the grid partitioning method were more accurate;
however, the models based on the sub-clustering mode
had faster runtime.

3. Models using impact energy as an independent variable
under all ANFIS conditions, as well as regression models,
showed better accuracy than the models using maximum
contact force models as an independent variable.

ABEDI, G. - AHMADI E. 2013. Design and evaluation a pendulum
device to study postharvest mechanical damage in fruits: Bruise
modeling of red delicious apple. In Australian Jourdan of Crop
Science, vol. 7, no. 7, pp. 962-968.

AHMADI, E. — BARIKLOO, H. — KASHFI, M. 2016. Viscoelastic finite
element analysis of the dynamic behavior of apple under impact
loading with regard to its different layers. In Computers and
Electronics in Agriculture, vol. 121, pp. 1-11.

AHMADI, E.- GHASSEMZADEH, H.R.- SADEGHI, M.- MOGHADDAM,
M. — ZARIFNESHAT, S. 2010. The effect of impact and fruit properties
on the bruising of peach. In Journal of Food Engineering, vol. 97,
pp. 110-117.

AMIRYOUSEFI, M. R. - MOHEBBI, M. - KHODAIYAN, F. - ASADI, S.
2011. An empowered adaptive neuro-fuzzy inference system using
self-organizing map clustering to predict mass transfer kinetics in
deep-fat frying of ostrich meat plates. In Computers and Electronics
in Agriculture, vol. 76, pp. 89-95.

AY, M. - KISI, O. 2014. Modelling of chemical oxygen demand by
using ANNs, ANFIS and k-means clustering techniques. In Journal
of Hydrology, vol. 511, pp. 279-289.

ALTUG, S. - CHOW, M. Y. — TRUSSELL, H. J. 1999. Fuzzy inference
systems implemented on neural architectures for motor fault
detection and diagnosis. In IEEE Transactions on Industrial
Electronics, vol. 46, no. 6, pp. 1069-1079.

BARREIRO, P. — STEINMETZ, V. — RUIZ-ALTISENT, M. 1997. Neural
bruise prediction models for fruit handling and machinery
evaluation. In Computers and Electronics in Agriculture, vol. 8, pp.
91-103.

CHEN, P. — SUN, Z. 1981. Impact parameters related to postharvest
bruising of apples. ASAE Paper No. 81, pp. 3041, St. Joseph,
Michigan.

DIEZMA, B. - VALERO, C. - GARCIA-RAMOS, F. J. - RUIZ-ALTISENT, M.
2006. Monitoring of firmness evolution of peaches during storage
by combining acoustic and impact methods. In Journal of Food
Engineering, vol. 77, pp. 926-935.

DU, C. J. - SUN, D. W. 2006. Learning techniques used in computer
vision for food quality evaluation: a review. In Journal of Food
Engineering, vol. 72, no. 1, pp. 39-55.

EFFENDI, Z. - RAMLI, R. — GHANI, J. A. 2010. A back propagation
neural networks for grading Jatropha curcas fruits maturity.
In American Journal of Applied Sciences, vol. 7, no. 3, pp. 390-394.




JANG, J. S. R. - SUN, C.T. 1997. Neuro-fuzzy modeling and control.
In Proceedings of IEEE, vol. 83, no. 3, pp. 378-405.

JHIN, C. - HWANG, K. T. 2014. Prediction of radical scavenging
activities of anthocyanins applying adaptive neuro-fuzzy inference
system (ANFIS) with quantum chemical descriptors. In International
Journal of Molecular Sciences, vol. 15, pp. 14715-14727.
KARAMAN, S. - KAYACIER, A. 2011. Effect of temperature on
rheological characteristics of molasses: Modeling of apparent
viscosity using Adaptive Neuro-Fuzzy Inference System (ANFIS).
In LWT-Food Sciences, vol. 44, pp. 1717-1725.

KHOSHHAL, A. - ALIZADEH, A. - ETEMADI, A. - ZERESHKI, S.
2010. Artificial neural network modeling of apple drying process.
In Journal of Food Process Engineering, vol. 33, pp. 298-313.
KHOSHNEVISAN, B. - RAFIEE, S. - OMID, M. - MOUSAZADEH, H.
2014. Prediction of potato yield based on energy inputs using multi-
layer adaptive neuro-fuzzy inference system. In Measurement, vol.
47, pp. 521-530.

KRUEGER, E. - PRIOR, S. A. - KURTENER, D. - ROGERS, H. H. - RUNION,
G. B. 2011. Characterizing root distribution with adaptive neuro-
fuzzy analysis. In International Agrophysics, vol. 25, pp. 93-96.
LEWIS, R. - YOXALL, A. - MARSHALL, M. B. - CANTY, L. A. 2008.
Characterising pressure and bruising in apple fruit. In Wear, vol.
264, pp. 37-46.

MENESATTI, P. - PAGLIA, G. 2001. Development of a drop damage
index of fruit resistance to damage. In Journal of Agricultural
Engineering Research, vol. 80, pp. 53-64.

MOHSENIN, N. N. 1986. Physical Properties of Plant and Animal
Materials. Gordon and Breach Science Publishers, New York.
MOINFAR, A. - SHAHGHOLI, G. 2019. The effect of tractor driving
system type on its slip and rolling resistance and its modelling
using ANFIS. In Acta Technologica Agriculturae, vol. 4, pp. 116-122.
ROTH, E. - KOVACS, E. - HERTOG, M. - VANSTREELS, E. — NICOLAI, B.
2005.Relationship between physical and biochemical parametersin
apple softening. In Proceedings of the 5" International Postharvest
Symposium (PS’05), ISHS, pp. 573-578.

TAGHAVIFAR, H. — MARDANI, A. 2014. On the modeling of
energy efficiency indices of agricultural tractor driving wheels
applying adaptive neuro-fuzzy inference system. In Journal of
Terramechanics, vol. 56, no.1, pp. 37-47.

VAN LINDEN, V. - SCHEERLINCK, N. - DESMET, M. - DE
BAERDEMAEKER, J. 2006. Factors that affect tomato bruise
development as a result of mechanical impact. In Postharvest
Biology and Technology, vol. 42, pp. 260-270.

VAN ZEEBROECK, M. - VAN LINDEN, V. — DARIUS, P. - DE KETELAERE,
B. - RAMON, H. — TIJSKENS, E. 2007. The effect of fruit factors on
the bruise susceptibility of apples. In Postharvest Biology and
Technology, vol. 46, pp.10-19.

ZHENG, H. - FANG, S.S. - LOU, H. Q. - CHEN, Y. - JIANG, L. L. - LU, H.
F. 2011. Neural network prediction of ascorbic acid degradation in
green asparagus during thermal treatments. In Expert Systems with
Applications, vol. 38, pp. 5591-5602.

(.




s scien d o DOI: 10.2478/ata-2020-0020

Majid Fardmanesh, Razieh Pourdarbani, Bahman Najafi Acta Technologica Agriculturae 3/2020

Acta Technologica Agriculturae 3
Nitra, Slovaca Universitas Agriculturae Nitriae, 2020, pp. 126-131

METHANE PRODUCTION POTENTIAL OF AZOLLA UNDER DIFFERENT RATIOS
OF C/N, CHEMICAL AND THERMAL PRE-TREATMENT

Majid FARDMANESH, Razieh POURDARBANI*, Bahman NAJAFI
University of Mohaghegh Ardabili, Ardabil, Iran

Azolla algae currently represent a major threat to the environment and rice cultivation fields. Various studies have shown that one
of the practical solutions is to turn this threat into an opportunity for biomass energy production. This research investigates the
production potential of methane in Azolla. Test was conducted in a completely randomized design (CRD) with Mini Tap software.
Three different C/N ratios, 30, 34 and 38, two levels of thermal pre-treatment (raw and steamed Azolla) and two levels of chemical
pre-treatment (NaOH 0% and 9%) were used and effects of each case on the methane production rate was studied. The highest
amount of methane (247.7 ml-g,) was produced at C/N ratio of 30 with application of NaOH (9%) and no thermal pre-treatment
(raw Azolla). ANOVA analysis showed that interactions of the effective variables were significant, but the trend was not incremental
or decreasing; therefore, ANFIS and stepwise regression modelling were used. The results showed that the ANFIS model provides
more accurate mapping between the empirical and predicted values than the regression model. Furthermore, among examined
models (triangular; trapezoidal; Gaussian; bell-shaped models), the best model for methane production prediction was Gaussian
linear membership function (R? = 0.997 and & (%) = 0.32). According to the regression model, the thermal-chemical factor is the

most efficient in prediction of the model (b = 35.6).

Keywords: Azolla algae; ANFIS; C/N ratio; regression model

Azollais afloating aquatic fern that grows rapidly in stagnant
waters and ponds and covers the water surface. This coating
is very dangerous for aquatic organisms by creating a layer
at the water level, which prevents the sunlight from reaching
other herbaceous grasses, thus preventing their growth.
Transfer of Azolla from the Philippines toIran (Gilan province)
had unpleasant consequences over the last few years. It is
accessible throughout the year, and although this plant is
not native to Iran, it adapted and rapidly expands. Currently,
the plant is a major threat to the northern region of Iran, and
considerable costs are annually spent on collection of this
algae from the environment. However, after its collection, it
can be put to some use. Anaerobic digestion of Azolla with
cow dung s an alternative for C/N ratio modification in order
to increase the gas production - Azolla fixes atmospheric
N, thus reducing the necessary amount of cow dung for
biogas production (Paudel, 2009). Wilkie (2000) reported
that anaerobic digestion is a natural process converting
the biomass to energy. Yadava and Hesse (1981) declared
that biogas consists of 50-70% CH,; 30-40% Co,; 5-10%
H,; 1-2% N and H,S. Based on the reports, biomass can be
considered an energy source with potential to satisfy 14%
of global energy demand. In developed countries, this share
is estimated to be 40-50% (Anonymous, 2013). Biomass
utilization can reduce the greenhouse gas emissions, as it
can balance the production and consumption of carbon
dioxide. From all alternative sources, biomass represents

Contact address:

the main source for renewable energy production (Adelard
et al, 2015). Utilization of biogas technology at micro-
and macro-scales has been considered as a promising
approach, especially in development planning, organic
waste management in urban and rural areas (Abdeshahian
et al.,, 2016; Kazimirova et al., 2018). Research on methane
production from Azolla is scarce; Das et al. (1994) studied
the biogas production from Azolla — authors mixed Azolla
and cow dung in different proportions, namely 1:0.2,1:0.4
and 1 : 0.6. They observed that the ratio of 1 : 0.4 showed
the highest biogas production. Roy et al. (2016) also found
that the amount of produced hydrogen increases when
the Azolla is cultivated in a controlled environment with
incomplete vacuum and injection of either argon gas or
rich carbon dioxide into the cultivation bed. Shilpakar and
Shilpakar (2009) reported that, with high C/N ratio, nitrogen
was rapidly consumed by methanogens in order to meet
the protein requirements, which no longer reacted with
leftover C content, resulting in a low gas production. On
the other hand, with low C/N ratio, N was accumulated in
the form of ammonia, which increased pH. Tasnim et al.
(2017) investigated the biogas production by means of an
anaerobic digestion of cow manure with kitchen waste and
hyacinths. Basri et al. (2010) studied the biogas production
from palm leaves. Phetyima et al. (2015) examined the
biogas production from vegetable waste with dog and
cattle manure.
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All'in all, Azolla is considered a threat to Anzali wetland
due to the aforementioned disadvantages. One of the
practical solutions is to turn this threat into an economically
viable opportunity, which would be possible with the
construction of biogas production reservoirs. Therefore,
this research attempts to identify the variables affecting the
production potential of methane from Azolla using ANFIS
and regression modelling.

Methane production method

Firstly, Azolla was collected from Anzali Lagoon.
Subsequently, dung was collected from the dairy; in order
to enrich it, an amount of water equivalent to the cow dung
weight (1 kg) was added to it. Before mixing Azolla and cow
dung, samples of both were sent to the laboratory in order
to determine the C/N ratio: 73/26 for cow dung and 65/65
for Azolla. There were examined two levels of chemical pre-
treatment (with NaOH content of 9% and 0%); two levels of
thermal pre-treatment (steamed Azolla for 60 min, and raw
Azolla without thermal pre-treatment) and three C/N ratios
of 30, 34, 38.

By determining the amounts of cow dung, Azolla and
water (as shown in Table 1), the bottles were loaded. In
order to establish the constant temperature of 37 °C, these
were placed in a hot water bath (under the conditions of the
mesophilic bacteria) and the gas production stage began.
For the purposes of the produced gas transfer, a pipe was
provided on the doors of the digesters, transferring the
produced gas to the bottles outside the heated bath. The
useful gas extracted from biogas with high thermal value is
methane. Therefore, the method of positive displacement of
liquids (water) was used to determine the methane in the
biogas. It was examined twice a day and the quantities of
gas produced from each digestion were measured. Each
digestion lasted for 90 days.

Data analysis method

The model was based on 4 input factors, including time
of thermal pre-treatment (steamed Azolla; raw Azolla),
chemical pre-treatment (NaOH 9%; 0%), C/N ratio (33; 34;
38) and number of days (90 days). Four types of membership
functions (triangular, trapezoidal, Gaussian, and bell-shaped
functions) were considered as membership functions for
representing the inputs.

Hybrid optimization method was used for network
learning. The number of rules created by the network was
36. Due to the high number of rules created, only a few of

Table 1 Ratios for each biogas production digester
Sample Water Azolla Cow dung C/N NaOH 9% NaOHO0% | Steamed Azolla = Raw Azolla
1 1,107.5 59.1 333 30 * *
2 1,215.1 118.2 166.6 34 * *
3 1,322.7 177.3 0 38 * *
4 1,107.5 59.1 333 30 * *
5 1,215.1 1183 166.6 34 * *
6 1,322.7 177.3 0 38 * *
7 824.3 342.7 333 30 * *
8 652.4 680.8 166.6 34 * *
9 478.7 1,021.2 0 38 * *
10 824.3 342.7 333 30 * *
11 652.4 680.8 166.6 34 * *
12 478.7 1,021.2 0 38 * *
Table 2 Part of the rules for the methane production model
Rules Input variables Linear output function (methane)
thermal NAOH Day C/N
6 S L M H methane =2,392M + ON - 15,060D + 18,180 + 478.4
12 S H L H methane = 2.957M + 5.322N - 1,140D + 22.47C + 0.5913
18 S H H H methane =352.8M + 635.1N - 1,156D + 2,681C + 70.56
24 R L M H methane = 34,230M + ON - 67,810D + 65,030C + 1,711
30 R H L H methane = 234.9M + 105.7N - 23,160D + 446.4C + 11.75
36 R H H H methane =22,160M + 9,971N - 23,130D + 42,100C + 1,108




them are presented in Table 2 in order to better understand
ANFIS modelling. These rules are based on a Sugen-Tang-
Sugen-Kang fuzzy system or TSK. In this system, the rules
of if-then are fuzzy, but the result is non-phase and linear
combination of input variables. The space of all inputs is
divided into two parts, the low region representing the
membership function L and the greater region representing
the membership function H.
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To evaluate the ability of developed models, two
statistical measures of relative error (¢) and coefficient
of determination (R?) were used, which are given by the
following equations (Carman, 2008):

Models based on stepwise linear regression in SPSS
software were developed to obtain more information on
the effects of each input variable on methane production.

Considering the samples with C/N ratio of 30 (1, 4, 7 and
10) methane production was low since the first days until
the 20" day; however, it began to rise since the 20™ day
onwards. At the start of production, raw Azolla pre-treated
with NaOH (0%) showed higher production increase,
but eventually, raw Azolla pre-treated with NaOH (9%)
showed greater methane production. In fact, chemical
pre-treatment accelerates degradation of Azolla lignin and
hard substances by destroying the material structure and
increases the availability of microorganisms for gaining high
production (Zhang et al., 2013). Chemical pre-treatment
can manage pH, prevent excessive acidification of digestion
by degradation of hard tissues before the hydrolysis and
acidification step, and cause the biogas production to be
higher in the first peak in contrast to control treatment
(Janke et al., 2016).
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Fig. 1 Cumulative methane production rate of samples 1, 4, 7

Fig. 2 demonstrates that, although steamed Azolla
started production of methane faster than raw Azolla,
higher methane production was observed in raw Azolla.
Furthermore, by addition of NaOH (9%), methane bacteria
can be active from the beginning in an alkaline environment,
since they feed on acetic acid, and microorganisms must
be first activated in the acidic environment. Conversion
of conditions should be performed in such a manner
that the micro-nutrient bed provides the activity field for
methane microorganisms. Process of these chain transitions
causes methane production to be delayed or start early.
In relation to the C/N ratio of 30, this situation is most
pronounced. Regarding C/N ratios of 34 and 38, the higher
the carbon-nitrogen ratio, the faster the acidic environment
neutralization of these conditions; this is the reason why C/N
ratio of 30 showed the highest production (Shilpakar and
Shilpakar, 2009).
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Fig.2 Cumulative methane production rate of samples 2, 5, 8
and 11 with C/N ratio of 34

Fig. 3 depicts how raw Azolla showed higher methane
production in comparison to steamed samples. As it was
already mentioned, it was expected that chemical pre-
treatment will show greater effect on methane production,
but it was neutralized by the environment being more acidic
due to high C/N ratio.
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Fig.3 Cumulative methane production rate of samples 3, 6,9
and 12 with C/N ratio of 38

and 10 with C/N ratio of 30



Fig. 4A Cumulative methane production by different samples

The effects of chemical pre-treatment, thermal pre-
treatment and C/N ratios on methane production were
analysed by means of Minitab software. The results of
methane production are presented in Fig. 4 and Table
3. According to Fig. 4, it was observed that the highest
methane production level (247.7 ml-g™,,) was obtained for
raw Azolla with C/N ratio and no thermal pre-treatment (raw
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< NaOH 9% Azolla). Moreover, the lowest production rate was showed
220 | wNaOH 0% 206 by steamed Azolla with C/N ratio of 38 and NaOH (9%)
—_ application. Based on Table 3, there is a significant difference
oo 200 185.2 between methane production of raw and steamed samples.
E 180 \ 168.4 Furthermore, there is a significant difference between the
] \ ‘ methane production of samples with application of NaOH
£ 160 \ 151 \ (9%) and without it (NaOH 0%). Considering the significant
s 140 § \ differences at 5% level for different C/N ratios, there is
\ \ a difference between methane production of samples
120 \ \ with C/N ratios of 30 and 34, 38. What is more, interactions
100 \ \ between C/N ratio and thermal pre-treatment; C/N ratio and
\ \ chemical pre-treatment; as well as thermal pre-treatment
20 \ N and chemical pre-treatment, are also significant. This implies
Thermal Pt 60 Thermal Pt 0 that there is no clear trend between the main effects. As it

can be seen in Fig. 4, both raw and steamed samples with
C/N ratio of 30 pre-treated by NaOH (9%) showed decreasing
methane production, however, this trend is completely
reversed for samples with C/N ratio of 38. Therefore, it is not
possible to identify the effective parameter on the methane
production prediction by means of Anova analysis method.

To predict each of the output variables, 4 different
models were developed. Table 4 presents the structural
parameters of the models with their statistical criteria in
order to evaluate their performance. According to the

Table 3 Statistical results of Anova for methane production

Source Type Ill sum of squares df Mean square F Sig.
Thermal Pt (TPt) 29,628.507 1 29,628.507 214,986.714 .000*
Chemical 114.640 1 114.640 831.836 .000*
CN 7,941.973 2 3,970.986 28,813.781 .000*
TPt * chemical 657.495 1 657.495 4,770.834 .000*
TPt*CN 6,781.132 2 3,390.566 24,602.207 .000*
Chemical * CN 8,168.106 2 4,084.053 29,634.199 .000*
TPt * chemical * CN 3,484.213 2 1,742.106 12,640.856 .000*
Error 3.308 24 138

Total 1,081,334.961 36

Corrected total 56,779.373 35




Table 4 Structure characteristics of developed ANFIS architectures for methane production prediction
Model Type of MF Number of MF Optimization Test
input output input epoch method £ (%) R?
Grid partition trimf Linear 2233 20 hybrid 2.12 0.9959
Grid partition gaussmf Linear 2233 20 hybrid 1.32 0.9972
Grid partition trapmf Linear 2233 20 hybrid 1.19. 0.9957
Grid partition gbellmf Linear 2233 20 hybrid 1.18 0.9967
Table 5 Results of multiple regression analysis for methane production effective parameters
Model Unstandardized coefficients Standardized coefficients
B B t sig
Constant -9,040 3,303 -2.74 0.006ns
Thermal pre-treatment (TPt) 256 227 1.13 0.259ns
NAOH 144 519 0.28 0.782ns
Day 428.1 61.7 6.94 0.000*
C/N 2334 96.7 241 0.016*
TPt*NAOH -92.9 35.6 -2.61 0.009*
TPt*day 16.38 4.23 3.87 0.000*
TPt*C/N -6.57 6.63 -0.99 0.322ns
NAOH*day -28.28 9.69 -2.92 0.004*
NAOH*C/N 1.8 15.2 0.12 0.906ns
Day*C/N -9.90 1.81 -5.48 0.000*
TPt*NAOH*day 2.448 0.665 3.68 0.000*
TPt*NAOH*C/N 2.28 1.04 2.19 0.029*
TPt*day*C/N -0.391 0.124 -3.15 0.002*
NAOH*day*C/N 0.752 0.284 2.65 0.008*
TPt*NAOH*day*C/N -0.0690 0.0195 -3.54 0.000*

results presented, all models have high ability (R* =0.99
and €(%) <2) of prediction. The best model for methane
production prediction is a model that uses the Gaussian
linear membership function (R*=0.997 and € (%) = 0.32).

The ANFIS model does not provide a specific relationship
for modelling the output variable. In contrast, the regression
model directly deals with the impact of each factor and
attempts to present a model that clearly identifies the
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Fig.5 Experimental and predicted methane production by ANFIS and regression models
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significance and effect of each factor.
For this purpose, Table 5 presents
the statistical characteristics of the
methane production prediction by
stepwise regression model.

Regarding the results of the
regression model presented in Table 5,
it was observed that there is no specific
trend between the C/N - TPt and C/N -
NaOH variables; for this reason, these
two variables cannot be effective in
model prediction. However, multiple
effects are significant between
the other variables and therefore,
considering the beta coefficients
contained in the table, TPt — NaOH
factor is more effective in predicting
the model (b = 35.6).

Fig. 5 shows the mapping between
the experimental and predicted
methane productions by the ANFIS
and stepwise regression models. As it
can be seen, the ANFIS model provides
a more accurate mapping between
experimental and predicted values in
contrast to the regression model.

Fig. 6 shows the deviation of each
model from the target value. The zero
value of deviation is related to the
target value. The blue line indicates the
deviations associated with the output
of the ANFIS; the red line implies the
deviations associated with the output
of the regression model. Fig. 6 clearly
indicates that the ANFIS output shows
a minimum deviation from the target
value and the highest performance for
predicting the model.

Conclusion

Based on experimental research,
it was observed that the highest
methane production was shown by
raw Azolla samples with C/N ratio of
30 pre-treated by NaOH (9%). The
highest digestion yield was obtained
for raw Azolla samples, since steaming
the Azolla is expensive and time
consuming, therefore, Azolla as a
raw material is more economical and
cost-effective. Chemical pre-treatment
had a significant effect on methane
production, with the highest yield
obtained by samples pre-treated by
NaOH (9%). For further research, it
is also recommended to test various
percentages of NaOH in order to
determine the most suitable one for
methane production.

C/N ratio also played a significant
role — the highest methane production
was obtained at C/N ratio of 30, what
is in compliance with results obtained
by Shilpakar and Shilpakar (2009).
Considering the methane production
prediction, the ANFIS model showed
better performance in contrast to
stepwise regression models.
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ASSESSMENT OF THE EFFECTS OF SUGARCANE STRAW ADDITION
TO THE FLOCCULATION/COAGULATION PROCESS ON VINASSE CONCENTRATION

Pietro SICA* Renan CARVALHO, Hélder BELTRAME, Antonio Sampaio BAPTISTA

University of Sao Paulo, Piracicaba, Sao Paulo, Brazil

Vinasse is the main by-product of ethanol production. In 2005, its application was regulated in the state of Sao Paulo, so if it is to
be applied to the fields, its volume must meet the established concentration regulations. Straw contains one-third of sugarcane
calorific value and can be used for cogeneration. For these purposes, the project objective was to assess the effects of straw on the
concentration of vinasse solids through physical and chemical processes, so its concentrated form could be used as biomass for
cogeneration. For that, different concentrations of straw, ferric sulphate, and ferric chloride were used. Turbidity reduction was the
parameter analysed. Both reagents were effective in reducing the turbidity. The 200 ppm of ferric chloride and 0.25% straw content
reduced the turbidity by 55.02% and 400 ppm of ferric sulphate and 0.25% of straw reduced it by 57.96%. The addition of straw
showed no significant effect in terms of the turbidity reduction, however, both best treatments had 0.25% straw content addition
in it. Straw can be used to concentrate vinasse, contributing to the efficiency of the process and increasing the energy potential of

the concentrated solids.

Keywords: vinasse concentration; biofertilizer; physical and chemical treatments; water recovery; turbidity reduction

Brazil is the world’s largest producer of sugarcane ethanol,
producing approx. 33 billion litres of ethanol in the
2018/2019 harvest season (Brazilian Sugarcane Industry
Association, 2019). Ethanol consists of the same chemical
compound, regardless of whether it is produced from starch
(e.g. corn), or fermentable sugars (sugarcane) (Bozikova
and Hlavé¢, 2013). Sugarcane ethanol is considered more
renewable, cleaner and sustainable than the corn ethanol.
By-products generated in sugarcane ethanol production
process include vinasse, which is the main liquid by-product
of sugar-ethanolindustry (Moraes etal., 2015);itis composed
of 93% water and 7% minerals (mainly potassium) and
organic matter (Laime et al., 2011; Ferreira et al., 2011) and
is 100 times more pollutant than domestic sewage (Freire
and Cortez, 2000). For each litre of ethanol produced, 10-15
litres of vinasse are generated (Silva et al., 2013).

The main application of vinasse is as biofertilizer for
its high potassium content. However, besides the organic
content, it has high pollutant capacity; when applied to
the soil, high concentrations of K* ions can form chemical
complexes, promoting the leaching of anions, such as
nitrate, and polluting the groundwaters (Rodella et al.,
1983). The state of Sao Paulo produced 16 billion litres
of ethanol in the 2018/2019 harvest season (Brazilian
Sugarcane Industry Association, 2019) and generated
approx. 160-240 billion litres of vinasse for this same period.
The Guarani Aquifer System (SAG) is considered one of the
most important in the world and 80% of its total exploited
yield for drinking and industrial utilization is in the state of
Sao Paulo (Foster et al., 2009). Hirata et al. (1991) considered

Contact address:

sugar and ethanol plants to be part of the group classified
as high potential contaminant load to the state of Sao Paulo
groundwaters. For these reasons, in 2005, the Sao Paulo’s
State Sanitation Company (CETESB) established the P4.231
technical standard regulating the vinasse application; it
disallows the K* concentration in the soil to exceed 5% of
the cation exchange capacity (CEC) (State of Sao Paulo,
2005). One of the consequences of this regulation is that
now the vinasse must be applied to larger areas (Silva
et al, 2013), increasing the application and handling
costs. Increased machinery traffic over fields causes soils
compaction, damaging the soil structure and degrading
the soil functions (Galambosova et al., 2020). One of the
solutions for this issue is to concentrate the vinasse solids
in the industry and take smaller volumes of it to the
field. Furthermore, the combustion of vinasse solids or its
incineration for the recovery of potassium salts and energy
are other alternatives (Freire and Cortez, 2000).

On September 19, 2002, the State of Sao Paulo approved
the Act no. 11.241 (State of Sao Paulo, 2002), gradually
banning the burning of sugarcane before harvesting,
by 2021 (Aguiar et al., 2011). The manual harvesting of
sugarcane has been and is gradually being replaced by
mechanized harvesting with efficiency of 10-20 tons of dry
leaves per hectare in the top of the soil under the system
known as green cane management. Sugarcane straw
represents approx. one-third of the total primary calorific
value of sugarcane in the field (Leal et al., 2013). However,
the greatest agronomic and environmental benefits of
leaving the straw on the field result from leaving at least
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7 tons of sugarcane straw per hectare. Consequently,
3-13 tons of straw per hectare can be harvested by power
generation purposes (Carvalho et al., 2017). To enhance
the sugar-energy sector sustainability, it is necessary to
optimize the utilization of sugarcane energy content. In the
field, one ton of sugarcane has 7,188x10° kJ, which is more
than one barrel of crude oil has (5,799x10° kJ). This one ton
of sugarcane provides 276 kg of bagasse with 50% moisture
content that has 2,502 x 10% kJ, 165 kg of straw with 15%
moisture content that has 2,142 x 10°kJ, and 153 kg of sugar
(2,543 x 10° kJ). Part of the sugar calorific value goes to the
sugar production, another part to the ethanol production,
and the rest “disappears” in the vinasse (Oliverio, 2016).

This project aims to assess the efficiency of flocculation/
coagulation and centrifugation processes to concentrate
the vinasse solids together with sugarcane straw in order
to increase the calorific power of the concentrated solids,
so that they can be used for cogeneration. Moreover, the
vinasse water can be recovered and reused for the industrial
purposes. For that, different concentrations of ferric chloride
and ferric sulphate were added to the vinasse samples (with
and without sugarcane straw), which were subsequently
centrifuged. The vinasse turbidity was the main parameter
used to compare the samples.

Material and methods

The straw was collected in Bariri, state of Sdo Paulo, using
rake and sacks. Subsequently, it was transported to the Sugar
and Alcohol Laboratory of the College of Agriculture “Luiz
de Queiroz’, University of Sao Paulo campus in Piracicaba
(ESALQ/USP). The straw was shredded and sieved to 0.3 mm
particle size.

Vinasse for analysis was obtained by fermentation in 7 |
reactors. Sugarcane juice used for fermentation (18 °Bx) was
obtained from the dilution of stored syrup (55 °Bx) at the
Sugar and Alcohol Laboratory of ESALQ/USP.

Flocculating agents used were ferric sulphate and ferric
chloride.

Turbidity

Turbidity is a physical property of fluids that translates into
reduced transparency due to the presence of suspended
materials that interfere with the passage of light through
the fluid and can be measured based on the difficulty of the
light to pass through the liquid (USGS, 2019). The turbidity
was used to access the efficiency of each treatment in
terms of reducing the solids content of the vinasse and was
determined by using a 2100Q portable turbidimeter by
Hach Company. This equipment has two-detector optical
system that compensates for colour in the sample, light
fluctuation, and stray light. It is calibrated with a standard
curve with 6 different turbidity values ranging from 0 to
1000 NTU (nephelometric turbidity units). These suspended
materials can be decanted or removed from the liquid with
flocculation, coagulation and centrifugation. For this reason,
the turbidity was used as the main parameter to determine
the efficiency of the treatments in terms of concentrating
the suspended vinasse solids. The turbidity reduction was
calculated in percentage as follows:

Pietro Sica et al.

(initial turbidity —final turbidity)x100 (1)

turbidity reduction = — —
initial turbidity

Experimental design

Three different concentrations of straw were used: 0.0%
(S0%), 0.1% (S0.1%), and 0.25% (50.25%). For all three straw
concentrations, 0 ppm, 50 ppm, 100 ppm, and 200 ppm of
ferric chloride (FC) and ferric sulphate (FS) were used. For the
0.25% concentration of sugarcane straw, the concentrations
of 300 ppm, 400 ppm, and 500 ppm were also used. In total,
the following 27 treatments were performed: 1) SO - no
reagent; 2) S1 - no reagent; 3) S2 - no reagent; 4) SO - FS50;
5) SO - FS100; 6) SO — FS200; 7) SO — FC50; 8) SO - FC100; 9)
S0 -FC200; 10) S1-FS50; 11) ST -FS100; 12) ST -FS200; 13)
S1-FC50; 14) ST - FC100; 15) ST - FC200; 16) S2 - FS50; 17)
S$2-FS100; 18) S2 - FS200; 19) S2 - FS300; 20) S2 - FS400; 21)
S$2 - FS500; 22) S2 - FC50; 23) S2 - FC100; 24) S2 - FC200; 25)
S2 - FC300; 26) S2 - FC400; 27) S2 - FC500.

Each treatment was replicated 4 times. Vinasse was
transferred to 50 ml Falcon tubes and mixed with the straw
after mixing with the reagent. Then, it was centrifuged at
4,000 rpm for 5 min. The supernatant was collected, the
turbidity after treatment was measured, and the turbidity
reduction for each experimental sample was calculated
according to Eq. 1. The vinasse used was homogenized and
the measured initial turbidity was 936 NTU.

Statistical analysis

The data obtained were analysed using the software R. First,
ANOVA. Utilizing the Tukey HSD test (5%), the effects of ferric
sulphate and ferric chloride on the turbidity reduction of
vinasse were assessed. Subsequently, the effects of adding
straw in different concentrations were evaluated by running
ANOVA and Tukey HSD test (5%). The effects of different
straw and reagent concentrations were also assessed by
using ANOVA and Tukey HSD test (5%).

Results and discussion

The treatments without straw addition showed an average
turbidity reduction of 47.15% and no significant differences
in contrast to the treatments with 0.1% (p = 0.214) and
0.25% of straw (p = 0.695). The treatments with 0.1%
straw content showed the lowest turbidity reduction - by
44.87% - which is significantly different from the treatments
with 0.25% straw content — 48.25% (p = 0.037) (Fig. 1). The
straw addition had no influence on the turbidity reduction;
however, the process can be influenced by different
concentrations of straw. Although the data is not presented
in this manuscript, treatments with 0.50% and 1.00% straw
contents were also performed in a preliminary study. Such
larger straw contents made the centrifugation process
difficult, as it was unable to remain at the base of the tubes,
rising and bringing the vinasse solids after centrifugation,
reducing the final turbidity by less than 28%.

The addition of flocculants showed an effect on the
vinasse turbidity reduction. The control treatments (C)
with no reagents added reduced the turbidity by 40.14%
and were significantly different in comparison to the
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treatments with ferric chloride, 49.57% (p = 0.000), and with
ferric sulphate, 50.97% (p = 0.000). There was no significant
difference between the treatments with ferric chloride and
ferric sulphate (p = 0.222) (Fig. 2).

Different straw and flocculant concentrations also
influenced the vinasse turbidity reduction. Considering
the sole ferric sulphate application, the turbidity reduction
significantly increased from 42.55% (0 ppm) to 52.83%
(200 ppm) (Table 1).

When 0.1% straw content was added to the process,
the treatment with no reagent was also the one with
lower value, 33.95%, and the turbidity reduction increased
significantly with the addition of 50 ppm (47.30%) of ferric
sulphate. The highest significant reduction was observed in
treatments with addition of 100 ppm (51.12%) and 200 ppm
(50.24%) of ferric sulphate (Table 1).

All in all, the treatments with 0.25% straw content and
higher amounts of ferric sulphate showed high turbidity
reduction. For those treatments, the increasing of the
reagent concentration from 0 ppm to 400 ppm alsoincreased
the turbidity reduction - from 43.94% to 57.96%. However,
when increasing from 400 ppm to 500 ppm, although
there was no significant difference, the turbidity reduction
decreased to 55.85%, since addition of the reagent achieved
a saturation point, at which adding more reagent does not
affect the turbidity reduction positively. The treatment with
addition of 400 ppm and 0.25% straw content showed the
highest turbidity reduction and had significant difference

reagents

in contrast to the treatment with addition of 500 ppm and
0.25% of straw. The latter showed no significant difference
in comparison to the treatments with addition of 200 ppm
and no straw; 0.1% straw content and 100 ppm and 200
ppm; and 0.25% straw content and 300 ppm and 200 ppm
(Table 1).

Different concentrations of ferric chloride also affected
the turbidity reduction. Without straw addition, the turbidity
reduction increased as the amount of applied ferric chloride
increased: from 42.55% at 0 ppm to 52.94% at 200 ppm. The
treatment with 200 ppm showed no significant difference
in comparison to the treatment with 100 ppm (50.27%)
(Table 2).

The turbidity reduction also increased, as the reagent
concentration increased with 0.1% straw addition: from
33.95% without any reagent application to 51.98% with
application of 200 ppm of ferric chloride. The treatment with
200 ppm was significantly different in contrast to the others.
There was no significant difference between the treatments
with 50 ppm and 100 ppm, 43.32% and 47.09%, respectively.

Considering the treatments with 0.25% straw, the
turbidity reduction increased from 43.94% to 55.02% as
the ferric chloride concentration increased from 0 ppm to
200 ppm. The treatment with 200 ppm had no significant
difference when compared to the treatment with 300 ppm
(52.19%) and 400 ppm (53.63%). The treatment with
500 ppm decreased the turbidity reduction to 49.36%, since
addition of the reagent achieved a saturation point, at which

Table 1 Turbidity reduction showed by treatments with different concentrations of ferric sulphate and straw

Ferric sulphate S 0% $0.1% $0.25%
turbidity reduction (%)

0 ppm 42.55 +0.72 f 33.95 £1.75 g 43.94 £1.58 def
50 ppm 46.85 +£0.32 de 47.30 £1.21 de 47.36 £1.90 de
100 ppm 49.65 £1.15 de 51.12+0.52 bcd 48.02 +0.97 de
200 ppm 52.83 £0.47 bc 50.24 £0.31 bcde 5147 +£0.73 bc
300 ppm - - 52.99 +0.88 bc
400 ppm - - 57.96 £0.49 a
500 ppm - - 55.85 +0.47 ab

Different letters indicate that there was a significant difference between treatments at a 5% significance level (Tukey test)
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Table 2 Turbidity reduction of treatments with different concentrations of ferric chloride and straw
Ferric chloride S 0% $0.1% $0.25%
turbidity reduction (%)

0 ppm 42.55 +0.72 e 33.95+1.75 f 43.94 +1.58 e
50 ppm 42.84 £0.93 e 43.32 £1.47 e 45.51 £1.60 e
100 ppm 50.27 £0.76 cd 47.09 £1.51 de 50.72 £0.90 bc
200 ppm 52.94 +0.54 abc 51.98 £0.76 abc 55.02 £1.31 a
300 ppm - - 52.19£0.39 abc
400 ppm - - 53.63 +0.34 ab
500 ppm - - 49.36 £1.15 cd

Different letters indicate that there was a significant difference among the treatments at a 5% significance level (Tukey test)

adding more reagent does not affect the turbidity reduction
positively.

Based on the results obtained in this study, it is possible
to affirm that the ferric chloride and the ferric sulphate
can increase the vinasse solids concentration and its water
recovery efficiency. Following the methods established by
Souza et al. (2013b), Souza et al. (2013a) used a commercial
vegetable tannin (TanFloc®) to clarify that by adding 2.5%
of tannin to the vinasse, the turbidity fell by 70%. Similarly,
Souza et al.(2013b) manage to reduce it by more than 90% in
a similar manner. However, Souza et al. (2013b) highlighted
that the simple process of coagulation/flocculation without
adding toxic components was able to reduce the vinasse
turbidity and concentrate its solids. In addition to this,
these studies used photocatalytic processes to degrade the
remaining vinasse organic content. Ferric chloride and ferric
sulphate consist of iron and chlorine, and iron and sulphate,
respectively. Taking into account that the concentrated
solids contain minerals that are going to be applied to the
field, those components added to the vinasse are also going
to be applied to the field. Sulphate is a macronutrient, and
iron and chlorine are micronutrients essential for the plant
development, therefore, utilization of these reagents is not
going to be toxic to the sugarcane in the field and will not
pose the same toxicity issue of TanFloc® highlighted by
Souza et al. (2013b).

Flocculation and coagulation processes were able to
reduce the vinasse turbidity and concentrate its solids,
however, the supernatant still retains almost half of it.
In order to remove these solids completely and recover
the water, a process or sequence of processes would be
required after this step. Souza et al. (2013a; 2013b) observed
that a photocatalytic degradation reduced the organic load
of the vinasse by almost 80%. Sica et al. (2017) filtered the
supernatant in a sand filter, reducing the turbidity and total
solids by more than 90%, reaching final pH of approx. 7.0,
thus obtaining treated clear water that could be reused in
industrial processes.

Conclusion

The flocculation/coagulation process to concentrate the
vinasse solids is more efficient with application of ferric
chloride and ferric sulphate. The best results were obtained
with application of 200 ppm ferric chloride and 0.25% of
straw, reducing the turbidity by 55.02%. Considering the

ferric sulphate application, the best results were achieved
at 400 ppm and 0.25% of straw, reducing the turbidity by
57.96%.

Interms of comparison of treatments with straw addition,
the straw content of 0.25% showed no significant difference
in contrast to the samples without straw. However, the
treatments with ferric sulphate showed higher turbidity
reduction with application of 0.25% of straw. Furthermore,
addition of 0.1% and 0.25% of straw showed no negative
impacts on this process and can increase the calorific power
of the concentrated vinasse solids.

Although the proposed treatments were able to
concentrate the vinasse solids, the flocculation/coagulation
process alone was not enough for these purposes. However,
it can be considered as a suitable pre-treatment. Therefore,
further studies are necessary to assess different processes
that can be added after this pre-treatment and make the
vinasse concentration more efficient.
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EVALUATION OF PROPERTIES OF PELLETS MADE OF SWINE MANURE

Viera KAZIMIROVA*, Lubomir KUBIK, Stefan MIHINA

Slovak University of Agriculture in Nitra, Slovakia

This paper deals with assessment of density, moisture content and mechanical properties of pellets made of dry swine manure
utilizing pellet production line MGL 200. Pellets were subsequently subjected to compressive loading test. Furthermore, the
values obtained were measured by means of device Andilog Stentor 1000 and compression diagrams were plotted. In terms of
compressive strength, pellet type 1 showed value of 10.47 MPa; pellet type 2 showed value of 6.24 MPa. Considering the elasticity
modulus, pellet type 1 showed value of 122.39 MPa; pellet type 2 showed value of 71.12 MPa. Other observed properties included
force necessary for 10% compression strain; force in the first maximum of force-strain curve; force in the inflection point of the
force-time curve. Results obtained from compressive loading test provide a basis for innovations in pellet production utilizing

materials other than wood biomass.

Keywords: compressive loading; deformation; strength; modulus of elasticity

Utilization of biomass made of materials from agricultural
production and waste biomass, the potential of which
cannot be neglected, comes to the forefront and is very
topical. Great attention is currently paid to utilization of
wastes from agricultural production not only in the field
of science and research (Bappah et al., 2019; Martinez-
Guido et al., 2019; Purohit and Chaturvedi, 2018), but also
in practice. Alternative pellet production represents one
method for utilization of the aforementioned materials,
not only in energy sector but also in agriculture. Their
utilization is closely tied to the requirements for the pellet
quality. Multiple scientists investigate the pellet quality in
Slovakia, as well as abroad (Dumitrascu et al., 2018; Jiang
et al, 2016; Lee et al., 2019; Spirchez et al., 2019; Zamorano
et al, 2011), who evaluated the pellet quality on the basis
of their composition, density, moisture content, durability,
etc. Zafari and Kianmehr (2012) have dealt with the issue of
effects of temperature, pressure and moisture on durability
of cattle manure pellets.

Pellet mechanical properties assessment by compressive
loading test began to receive increased attention in the last
decade. Testing utilizes the experience achieved by other
researchers, obtained from evaluation of other materials
of biological origin (Kubik and Kazimirov4, 2015; Oloso
and Clarke, 1993; Vursavus and Ozgiiven, 2004). Hardness
(compression strength) is one of the significant properties
of commercial pellets, which reflects the mechanical
strength of single pellet during handling, transportation,
and storage (Jiang et al., 2014). Compression strength is
defined as the maximum compressive force that a pellet can
withstand before breaking when exposed to a diametrical
compressive force between two horizontal metal plates. In
general, there are no limits for pellet hardness established

Contact address:

by standards. According to the literature, the hardness value
of different biomass materials reached 25 kgf and the ideal
value that ensures high-quality pellets was found to be
22 kgf (Carroll and Finnan, 2012; Garcia-Maraver et al., 2015;
Said et al., 2015). Assessment of such pellet values proved
to play a significant role in terms of handling, storage and
subsequent industrial and agricultural pellet exploitation.

Material and methods

The work aimed to conduct an analysis of the mechanical
properties of pellets made of alternative materials based
on pellet behaviour observation during compressive
loading test by means of the Stentor Andilog 1000 device
(Andilog Technologies, Vitrolles, France). Pellets were made
of separated and dried swine manure (Fig. 1) from local pig
farm. Pellets were produced by means of production line
MGL 200 (Kovo Novak, Czech Republic) and their final form
was achieved by employing the water as binding agent.

Fig. 1 Dried swine manure and swine manure pellet type 1
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Swine manure pellet type 1 was produced from dried
swine manure by adding 10% of water. Swine manure pellet
type 2 was produced from dried swine manure by adding
20% of water.

Parameters and pellet density

Pellet density was measured in accordance with the STN
EN ISO 18847 Solid biofuels — Determination of particle
density of pellets and briquettes, which is aimed at
evaluation of pellet density produced from wood as well
as waste of agricultural production origins. It is necessary
to let the pellets to stabilize. The diameter, length and
weight of the pellet are continuously measured throughout
the entire process. Only when the pellet weight changes
by a maximum of 0.1% within 24 hours, it is possible to
consider the pellets stabilized. In relation to determination
of pellet density, the specimen diameter and length with an
accuracy of £0.05 mm was determined according to the STN
EN ISO 17829 Solid biofuels — Determination of length and
diameter of pellets. Pellet weight was measured by means
of laboratory scales Explorer Pro (Ohaus Corporation, USA)
with and accuracy of £0.0001 mg. The final pellet weight
was calculated on the basis of obtained data.

Pellet moisture content

In order to determine the pellet moisture content,
gravimetric furnace Nabertherm L9/11/SW (Nabertherm
GmbH, Germany) with digital scales Kern ew 420-3NM (with
accuracy of £0.001 g) was used, since it allows heating of
analysed samples up to 1,100 °C while recording the weight
of the samples.

Pellet moisture was determined in accordance with
STN EN ISO 18134 Solid biofuels - Determination of
moisture content. The sample is heated to 105-110 °C and
is dried until the difference in sample mass between two
consecutive measurements, conducted 30 minutes apart,
is lower than 0.1% of the sample mass observed at the
previous measuring.

Measurement of pellet mechanical properties

Pellet mechanical properties are assessed by means of
a quasi-static compressive loading test. For the purposes
of measurement, only undamaged pellet samples with
modified contact surfaces — these must be straight - can
be used. The pellet is placed on a solid plane in the axis of
the testing device. Subsequently, the pellet is compressed
between two planes, while the upper plane of testing
device is of circular shape with 20 mm diameter; the lower
plane is of rectangular shape. Movement speed of upper
circular plane is set to 10 mm-min™'. The maximal loading
force applied to sample is 500 N. The device records loading
force values with accuracy of 0.05 N.

Measurement evaluation

The results of pellet compressive loading test include values
of force F and movement of upper plane of measuring
device AL,. In order to plot the compression diagram F (),
it is firstly necessary to calculate the pellet deformation
according to the relation:
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e=—-o (1)

where:
& — deformation (mm-mm™); L, - initial pellet length (mm);
AL, - distance between the device planes (mm)

Furthermore, for the purposes of plotting the
compressiondiagram, itis vital to determine the compressive
stress on the basis of the following relation:

F
== 2
65 (2

where:
o — compressive stress (MPa); F - force acting on the pellet
(N); S - cross-sectional area of the pellet (mm?)

The pellet elasticity modulus is determined using linear
regression method, the result of which is as follows:

c=FEs+m (3)

where:
6 - compressive stress (MPa); E — elasticity modulus (MPa);
¢ — deformation (mm-mm™); m - regression coefficient (MPa)

Subsequently, the force in the first maximum of the
loading curve F,, and deformation in the first maximum are
determined:

en =" @

where:

g,, — deformation at the first maximum of force (mm-mm™);
v - deformation rate (mm-s™); t,, — time at the first maximum
of force (s); L, — initial pellet length (mm)

Time t,, is determined on the basis of the first maximum
of the loading curve F(t). Deformation rate is calculated
on the basis of values of movement course and rate of
upper loading plane. Deformation ¢, is subtracted from
dependence F(g).

Compressive stress in the first maximum of loading
curve is calculated as follows:

4F,
G,=—2
nd

(1-¢,) (5)

where:

G, — compressive stress in the first maximum (MPa);
F,,—force at the first maximum (N); d - pellet diameter (mm);
g, — deformation at the first maximum of force (mm-mm’")

Compressive stress o,,, is subtracted from dependence
ole).
Initial pellet strength F, is determined as force necessary
for 10% compression strain. Value F,, is subtracted from
dependence F(g).



Another evaluated pellet property is loading force in the
inflection point F,, deformation in the inflection point ¢
and compressive stress in the inflection point o, . Inflection
point lies between the beginning and the first maximum
of the loading curve. Dependence gradient changes its
increasing tendency to decreasing in the inflection point.

In order to obtain these properties, it is necessary to plot
a cubic regression curve in compression diagram within the
interval (0, F,). Following regression formula are the results:

F=ag®+be?+ce+d (6a)

where:

F - compression force (N); ¢ — deformation (mm-mm’™);
a - regression coefficient (N.(mm-mm™)?); b - regression
coefficient (N.(mm-mm™)?); ¢ - regression coefficient
(N.(mm:mm™); d - regression coefficient (N)

F=et’+f+gt+h (6b)

where:

F — compression force (N); t — compression time (s); e -
regression coefficient (N-s™); f - regression coefficient (N-s);
g - regression coefficient (N-s"); h- regression coefficient (N)

Accuracy of the regression formula is expressed by
determination coefficient R%.

Deformation in the inflection point of the compression
diagram is calculated as follows:

=t o)

where:

g — deformation in the inflection point (mm-mm™);
v — deformation rate (mm-s™); t.s — time in the inflection
point (s); L, — original pellet length (mm)

Compressive stress in the inflection point can be
calculated according to the following formula:

At

cyinf = (ljnzf (1 - 8inf) (8)

TC

where:

G,y — compressive stress in the inflection point (MPa);
F.¢ — force in the inflection point (N); d - pellet diameter
(mm); g, - deformation in the inflection point (mm-mm’")

Time and force in the inflection point were subtracted
from dependence F(t).

Statistical indicators - arithmetic mean; standard
deviation; variation coefficient — are utilized for the purposes
of assessment of recorded and calculated values. In terms of
pellet properties evaluation, correlation coefficient is also
determined.

Table 1 shows geometrical properties, density and moisture
content of pellet types 1 and 2.

Table 1 Properties of pellet types 1 and 2
Pellets 1 2
X 6.21 5.82
Diameter d S 0.08 0.09
(mm)
5 (%) 1.32 1.54
X 14.36 13.03
Length L, 3 151 1.02
(mm)
5 (%) 10.52 7.8
X 1,407.23 1,363.04
Density p
(kg-m™) S 9 10.88
5 (%) 0.64 0.8
X 8.46 8.46
Moisture W
(%) S 0.14 0.13
s (%) 1.63 1.48

Mean density is 1,407.23 kg-m™ for pellet type 1 and
1,363.04 kg-m? for pellet type 2. The standard deviation
for density is low. Pampuro et al. (2013) reported that it
is possible to increase the pellet density made of swine
manure from an initial value of <200 kg-m™ to a final value
>1,000 kg-m™ by compression of dry fraction. The density of
the pellet type 2 islower in contrast to pellet type 1, however,
mean moisture contents of both types are identical -
8.46% - despite the fact that different amounts of water
were used for their production. This does not influence the
moisture content of stabilized pellets, what is also indicated
by standard deviation, as well as low variation coefficient.

Fig. 2 illustrates the dependences F(g) and F(t) obtained
from compressive loading test of pellets made of swine
manure 1. Behaviour of all pellets during compression
process is very similar. Compression diagrams are largely
almost linear. Pampuro et al. (2017) reported similar course
of compressive loading test in their investigation of pellets
made of swine manure.

Values of F, ranged from 21577 to 418.18 N.
Deformation values are low, mere 10-15%, suggesting the
low pellet compressibility. The time necessary for reaching
the first maximum is relatively balanced and ranges from
8.6to12s.

Fig. 3 illustrates the dependences F(g) and F(t) obtained
from compressive loading test of pellets made of swine
manure 2. Similarly to pellet type 1, compression diagram
of all pellets is largely linear. Furthermore, almost all curves
show a steep gradient. Values of F,, ranges from 105.4 to
217.36 N; Zhai et al. (2018) — who investigated pellets made
of hydrochar with molasses as a binder and subjected them
to compressive loading test — observed similar values for F,,..
The time, necessary for reaching the first maximum, ranges

from 8.8t0 16.1s.
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Course of compressive loading test indicates that
majority of pellets of both types is fragile.

Pellet modulus of elasticity is determined from linear
part of dependence o(g) (Fig. 4). Gradient of all curves
obtained from testing of pellet type 1 is uniform. Values
of modulus of elasticity of pellet typel ranges from 102.58
to 139.05 MPa. It is possible to divide the pellet type 2 into
two groups on the basis of the gradient of curves. Values of
modulus of elasticity of pellet type 2 ranges from 34.77 to
140.63 MPa.

Each determination coefficient R*> shows value close
to 1, indicating that their regressive curves showing the
course of compressive loading test are almost identical with
compression diagrams.

Table 2 shows the mechanical properties of the pellets
made of swine manure (types 1 and 2). The results show that
mechanical properties of these pellets are not the same.
Values of F,, 6, E, Fyo, Finsand o are higher in pellet type 1;
g, shows higher values in pellet type 2 and values of inf are
the same for both pellet types. Values of F,,and F,, show the
highest standard deviation.

The results indicate that addition of different amounts of
water for the binding purposes in pellet production has an
impact on the mechanical properties of the final products.
Moreover, Jandacka et al. (2013) and Zhai et al. (2018) also
confirmed that addition of liquid binder directly influences
the final pellet mechanical properties.

Mean value of the elasticity modulus of pellet type 2
is 1.7 times lower in contrast to pellet type 1 that is made
with addition of smaller amount of water. Furthermore,
pellet type 1 showed mean strength of 10.47 MPa; pellet
type 2 - produced with twice as much water as pellet type
1 — showed mean strength of 6.24 MPa. In addition to this,
moisture content of final pellets after their stabilization was
8.46% for both types.

However, not only the final moisture content but also
the amount of water or other liquid used during pellet
production process for the binding purposes is of great
significance, as confirmed by Huang et al. (2017). This means
that the input material moisture influences the quality
characteristics of the final products. Amount of added
water is particularly important in cases when input resource
contains water-soluble components, which subsequently
form solid bridges that usually result in pellet strength
enhancement after their drying. By adding more water than
the optimal amount, the pellet material passes through the
compression die holes more easily and compression level
and density of pellets are lower. This fact is also confirmed
by the results of assessment of mechanical properties of
pellets made of swine manure.

Table 3 shows correlation coefficients of properties of
pellet type 1 and Table 4 provides correlation coefficients for
pellet type 2. Correlation coefficients with value exceeding
0.8 indicate significant linear dependence between
properties and are highlighted in the tables. Mechanical
pellet properties do not show significant dependence on
geometric parameters.
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Table 2

F., (N)

mp
(mm-mm™)

Gomp (MPa)

(mm-mm™)

G, (MPa)

E (MPa)

Fio (N)

Finf (N)

Einf

(mm-mm™)

Gin¢ (MPa)

G, (MPa)

Mechanical propertied of pellets

Pellets
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1
309.65
70.54
22.78
0.12
0.02
15.44
10.22
2.27
22.24
0.12
0.02
15.24
8.98
1.91
21.24
122.39
13.35
10.91
253.91
57.76
22.75
165.37
34.48
20.85
0.07
0.02
239
5.07
1.01
19.9
10.47
2.19
20.93

164.69
34.32
20.84

0.15
0.04
23.32
6.21
136
21.92
0.16
0.03
21.31
4.1
0.88
2145
71.12
27.34

38.44

116.43
37.82
3248
71.65
27.34
38.16

0.07
0.03
34.09
2.49
0.95
38.15
6.24
1.38
22.15

141



Table 3 Correlation coefficients of properties of pellet type 1
d L, Fio F,, Emp G e Om E Fins Einf Ginf
d 1
L, 0.01 1
Fio 0.27 0.2 1
F,, 0.33 -0.57 0.69 1
Emp 0.06 -0.53 -0.32 0.46 1
Omp 0.23 -0.6 0.69 0.99 0.46
€m 0.09 -0.54 -0.32 0.44 0.99 0.44 1
Om 0.23 -0.56 0.75 0.99 0.38 0.36 1
E 0.27 0.06 0.83 0.48 -0.45 0.47 -0.49 0.53 1
Fins 0.34 -0.37 0.58 0.94 0.53 0.93 0.49 0.92 0.37 1
Einf 0.03 -0.03 -0.56 0.1 0.83 0.09 0.81 0.02 -0.59 0.33 1
Ginf 0.23 -0.38 0.63 0.94 0.47 0.94 0.43 0.94 0.41 0.99 0.26 1
Table 4 Correlation coefficients of properties of pellet type 2
d L, Fio F,, B G €m Om E Fing Einf Cinf
d 1
L, -0.25 1
Fio -0.5 06 1
F,, -0.42 0.14 0.48 1
Emp 0.24 -0.65 -0.74 0.18 1
Omp -0.53 0.17 0.53 0.99 0.12
€m 0.05 -0.7 -0.63 0.27 0.96 0.24 1
Om -0.57 0.31 0.67 0.96 -0.08 0.98 0.04 1
E -0.51 0.48 0.89 0.48 -0.7 0.53 -0.59 0.68 1
Fins 0.03 0.35 0.23 0.53 -0.03 0.49 -0.15 0.53 0.43 1
Einf 0.48 -0.15 -0.64 0.01 0.54 -0.07 0.36 -0.16 -0.41 0.57 1
Ginf -0.07 0.4 0.33 0.55 -0.13 0.52 -0.24 0.58 0.52 0.99 0.47 1
Conclusion observed properties, with the exception of deformation

The presented research was aimed at evaluation of the
selected properties of alternative pellets made from dried
swine manure, i.e. density, moisture, and mechanical
properties.

The density values of the two observed pellet types are
1,407.23 kg-m™ and 1,363.04 kg-m™, respectively. It can be
concluded that, from the density standpoint, the observed
pellets are comparable to pellets commonly used for heat
production by direct combustion.

Mean moisture value of both pellet types is 8.46%,
satisfying the standards for solid biofuels.

Static compressive loading test was used for evaluation
of the pellet mechanical properties. Results show that the
observed pellets do not differ from each other significantly in
this regard. Additionally, the observed values are comparable
to those of pellets made from other types of biomass. In pellet
type 1, which used 10% vol. water as a binder, compressive
strength was higher than in type 2. The same is true for other

properties, which were lower than in type 2.
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THE EFFECT OF FERTILIZATION ON TIME DOMAIN REFLECTOMETRY PROBE
MEASUREMENT ACCURACY IN THE FIELD EXPERIMENT IN SLOVAKIA

Lucia TOKOVA, Dusan IGAZ*, Elena AYDIN, Jan CIMO, Jan HORAK

Slovak University of Agriculture in Nitra, Slovakia

The paper presents evaluation of the calibration method using side-by-side direct gravimetric and indirect time domain
reflectometry (TDR) for soil moisture measurements to improve TDR measurement accuracy. Measurements were carried out at the
experimental site Dolna Malanta (Slovakia) in 2017. Two non-fertilized treatments — without biochar (BO + NO) and with biochar at
20 t-ha™ (B20 + NO) - and two fertilized treatments — with biochar at 20 t-ha™ and N fertilizer at dosages of 160 kg-ha™ (20 + N160)
and 240 kg-ha™ (B20 + N240) — were used in this study. The study also investigates the relationship between both used methods
of soil water content determination. A strong correlation between both methods was observed. In case of (BO + NO); (B20 + NO);
(B20 + N160); and (B20 + N240), it was 0.93; 0.97; 0.97; and 0.98, respectively. However, it is assumed that the TDR probe may show
errors in the results without prior calibration. It was observed that the accuracy of TDR device was lower for fertilized treatments in
contrast to the gravimetric method and non-fertilized treatments. It is assumed that the higher measurement inaccuracy might be

increased by salt concentration in the soil as a result of applied N fertilizer.

Keywords: soil moisture; fertilizer; time domain reflectometry; gravimetric method

Accurate measurement of soil moisture is essential for many
investigations in agriculture, horticulture, ecology, forestry,
hydrology, civil engineering, waste management and other
environmental fields (Smith and Mullins, 2001; Chandler et
al., 2014; Susha et al., 2014; Shaikh et al., 2019; Abbaspour-
Gilandeh et al., 2018). Methods used for determination of
the soil moisture content are divided into direct gravimetric
methods, relying on the principle of determining the amount
of water in the soil, and the indirect methods, relying on the
principle of measuring the specific soil property which is
dependent on soil moisture (Quinones and Nemeth, 2003;
Antal and Igaz, 2012). Gravimetric method can be performed
on both disturbed and undisturbed soil samples and it is not
affected by the soil type and salinity and is easily computable.
It is the standard reference method, on the basis of which
the other techniques are usually calibrated. However, this
method has also certain disadvantages. It is rather time-
consuming in terms of soil sampling and subsequent drying
in the oven until the constant weight is reached and it does
not allow repetition of the measurement at the same site.
Furthermore, the topsoil is severely disrupted during the
soil sampling, indicating destructive aspects (Susha et
al, 2014; Antal et al., 2014; Tanriverdi et al., 2016). On the
contrary, indirect soil water content determination using
probes is much faster than soil sampling for gravimetric
method (Shukla et al, 2014). The most commonly used
indirect methods of soil moisture measurement in the soil
hydrology include: tensiometric method, electrical methods,
dielectric methods and neutron probe method (Antal et al.,

Contact address:

2014). The most common dielectric method used is time
domain reflectometry (TDR) method. TDR is nowadays
well-established method that determines the soil moisture
content using the frequency in the range from 10 MH, to
12 GH,. Application of TDR principles for determination of
soil moisture has been widely accepted as an alternative
method proposing an empirical relationship between the
dielectric constant of soil and soil water content (Smith and
Mullins, 2001; Quinones and Nemeth, 2003). Considering
the saline soils, in certain cases, the imaginary part of the
dielectric constant can also affect the TDR reading. When
the electrical conductivity of the pore water is higher
than 8-10 dS‘m™, the TDR overestimates volumetric water
content. In such a manner, TDR values can be bias-free, and
simultaneously underestimated, overestimated, or both
underestimated and overestimated in relation to values
determined by the gravimetric method. The influence of
high electrical conductivity on TDR measurements seems
to be soil specific (Bonnell et al., 1991; Wyseure et al., 1997;
Hook et al., 2004).

The nitrogen fertilization affects the soil chemical
properties, which can be followed by the lower accuracy of
TDR measurements. Therefore, the aim of this study was to
analyse the impacts of fertilization by inorganic nitrogen
(N) at doses of 160 and 240 kg-ha™' on soil moisture content
measurement using HydroSense Il probe on the basis of the
TDR method.
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Material and methods

Experimental site

Field experiment was established on March 2014 at the
experimental site of the Slovak University of Agriculture in
Nitra located in Dolnd Malanta (48° 19" 00" N; 18° 09" 00"
E) in the Nitra region of Slovakia. The experimental site was
used for agricultural production and research purposes
in order to examine the effect of biochar application at
different application doses on greenhouse gas emissions,
soil chemical and physical properties and crop yields (Horak
et al, 2017; Kondrlova et al., 2017; Vitkova et al, 2017;
Kondrlova et al., 2018; Igaz et al., 2018; Juriga et al., 2018;
Simansky et al., 2018). The biochar used for the experiment
was produced from the mixture of paper fibre sludge and
cereal husks using pyrolysis process at 550 °C for 30 min in
a Pyreg reactor (Pyreg GmbH, Dorhe, Germany) and applied
at doses of 0, 10 and 20 t-ha™ to trial plots and incorporated
into the top layer of soil (0-10 cm) in 2014. The N fertilizer
was manually applied twice (May 9" and August 14™)
during 2017 at doses of 160 and 240 kg-ha™ in the form of
calcium ammonium nitrate. The lower applied rate of N was
calculated according to the requirements of each crop using
the balance method; the higher rate of N included 50% more
N-fertilizers than the lower rate of N. The soil is classified as
Haplic Luvisol according to the Soil Taxonomy (IUSS Working
Group WRB, 2014) with 9.13 g-kg™ of soil organic carbon,
5.71 pH and silty loam texture (content of sand 15.2%, silt
59.9% and clay 24.9%). The area is characterized by warm
lowland climate with long, warm and dry summers, short,
dry winters and only a very short duration of snow cover
(Igaz et al., 2018). The mean annual air temperature at the
Dolnd Malanta site in 2017 was 7.9 °C and the annual rainfall
was 489 mm.

Soil moisture measurement

Soil moisture measurements were conducted during the
corn growing season (GS) in 2017. The measurements by
means of both gravimetricand TDR methods were conducted
at the following treatments: BO + NO - control treatment
(biochar 0 t-ha™, nitrogen 0 kg-ha™), B20 + NO (biochar 20 t-ha’
!, nitrogen 0 kg-ha™), B20 + N160 (biochar 20 t-ha, nitrogen
160 kg-ha™) and B20 + N240 (biochar 20 t-ha™, nitrogen 240
kg-ha'1). The volumetric water content (VWC) measurements
were conducted weekly from April to May and on monthly
basis during the rest of the corn GS (June to October 2017).
Undisturbed soil samples were taken from the topsoil (10 cm
depth) with a special coring tool with a fixed volume of 100
cm’. Soil sampling was performed at 3 randomly selected
locations at plots representing each of 4 treatments for VWC
determination. Volumetric water content in the soil samples
was calculated as follows:

vwc Y (1)
v
where:
V,, - volume of soil water phase (cm?); V, - total volume of
the soil sample (cm?) (Antal and Igaz, 2012; Shukla et al.,
2014; Lima et al.,, 2018)
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Simultaneously, TDR equipment was used for the
purposes of performing the measurements at the same time
and location of soil sampling. The TDR measurements were
performed using HydroSense Il system - model CS659
(Campbell Scientific, Inc.®). It uses a proprietary technique
to determine the water content in widely varying soils with
corrections for a range of bulk electrical conductivities.
A display (sensor with two 12 cm long rods) and processing
software belong to the major system components. The HS2
presentsmeasuredVWCasvolumetricwatercontent(%vol.).
In order to achieve the accurate repeatable measurements,
the sensor rods must be fully inserted into the soil during
the measurement. If the water content over a large area is
to be determined, several measurements may be required
to establish a representative measurement. The calibration
coefficients used by the HS2 were determined for typical
soil types under laboratory conditions by the manufacturer.
The device accuracy is £3% VWC for typical mineral soils
with solution electric conductivity <6.5 dS'm™. When
measuring atypical soils, user-determined coefficients
can be applied. Soil-specific calibration can be performed
using an independent measurement of water content
such as by gravimetric analysis (Product Manual HS2 and
HSP2,2019).

Results and discussion

The calibration of TDR probes is sensitive to variations in
soil properties, such as soil texture. Gravimetric method
is a standard method that can be applied to calibration of
all indirect methods (Chandler et al., 2014; Tanriverdi et al.,
2016). Shukla et al. (2014) as well as Holzman et al. (2017)
by comparison of values obtained by standard gravimetric
method with values measured by soil moisture sensors
calculated linear regression equations for each soil type.
The field comparison of gravimetric and TDR water content
measurements givesagood confidenceintheTDRcalibration
relationships. In the research of Tanriverdi et al. (2016), TDR
calibration was found to fit the gravimetrically determined
volumetric water content data very well (with R*=0.995). In
the case presented, the CS659 sensor used was calibrated
for 4 different treatments: BO + NO; B20 + NO; B20 + N160;
and B20 + N240. The mean soil volumetric water content
values determined by drying of soil samples and measured
by the TDR in the field are provided in Table 1.

The regression relationship between gravimetric and
TDR methods expressed by calibration equations is shown
in Fig. 1. These equations were used to recalculate (calibrate)
values of soil volumetric water content determined by TDR
method, which are also listed in Table 1 (as a mean).

The Pearson correlation coefficient showed a very high
correlation between TDR and gravimetric method. The
determined correlation coefficients (R for BO + NO; B20 + NO;
B20 + N160; and B20 + N240 were 0.93; 0.97; 0.97; and 0.98,
respectively. Table 2 presents a comparison of the number
of measured and calibrated values to the total number of
measurements that are within £10% threshold of the values
obtained utilizing gravimetric method (lgaz et al., 2008).
Before TDR device calibration, only 67% of all measured
values were within £10% threshold when compared to
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gravimetric method used for BO +
NO, B20 + NO and B20+N160. In case
of B20 + N240, it was only 62%. After
calibration, this amount increased for
all four treatments to 81%; 86%; 83%;
and 81% for BO + NO, B20 + NO, B20 +
N160 and B20 + N240, respectively.
The correlation coefficients between
the gravimetric and TDR methods are
also shown in Table 2.

As it can be seen, the correlation
coefficients did not change after
calibration of the TDR device.
Considering the trend of correlation
equations (Fig. 1), effect of applied N
fertilizer in combination with biochar
was observed in TDR measurements.
The difference between the soil
moisture measured by the TDR and
the gravimetric methods was more
pronounced with increasing dose
of N fertilizer. When comparing the
treatments without fertilization (BO +
NO and B20 + NO), no substantial
differences  between the TDR
measurement and the gravimetric
method were observed. Figs. 2 and 3
show the course of daily precipitation
and volumetric water content
measured by both gravimetric and
TDR methods for non-fertilized and
fertilized treatments.
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Table 2
obtained correlation coefficients

Total No. of measurements within

number of difference of +10%
LRI measured calibrated

values (TDR) | values (TDR)
BO + NO 42 28 34
B20 + NO 42 28 36
B20 + N160 42 28 35
B20 + N240 42 26 34

According to the trend of volumetric water content for
non-fertilized treatments (Fig. 2), the differences between
the moisture measured by TDR device and gravimetric
method were small (0 up to 3% vol.). Such a variability
might be caused by TDR device measurement inaccuracy.
Following the trend of the volumetric water content for
fertilized treatments (Fig. 3), lower values (from 0 up to 5%
vol.) measured by TDR were observed in comparison to
the gravimetric method. The greatest differences can be
observed especially during the dry summer season (June —
September2017) in case of both fertilized treatments. On the
basis of the results, the differences between the gravimetric
method and the TDR method were considerable. It is also
interesting to note that there were observed not only higher
correlation coefficients (R?) - 0.97 and 0.98 - for fertilized
treatments (B20 + N160 and B20 + N240, respectively) but
also even larger differences in volumetric water content
in contrast to the values obtained by gravimetric method.
In the case of the control variant (BO + NO), the correlation

Ly
Ch
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Comparison of the TDR measured and calibrated values within £10% with gravimetric measurement and the

Percentage within difference Correlation coefficient (R?)

of +10%
measured calibrated measured calibrated
values (TDR) | values (TDR) | values (TDR) A values (TDR)
66.67% 80.95% 0.93 0.93
66.67% 85.71% 0.97 0.97
66.67% 83.33% 0.97 0.97
61.90% 80.95% 0.98 0.98

coefficient was the lowest (R*=0.93), however, the difference
between the water content measured by both methods
was negligible. Non-fertilized treatment B20 + NO resulted
in small differences and a high correlation coefficient (R* =
0.97). Using soil moisture values obtained by the CS659
sensor without prior calibration may lead to errors in the
results. After applying the calibration equations obtained
from the linear relationship between the gravimetric and
TDR methods for the four experimental treatments, the
accuracy of the measured TDR values throughout the
vegetation period visibly improved, what can also be seen
in Fig. 2 and Fig. 3. The soil water content values have been
improved in all treatments to a range of 0 up to 2% vol. when
compared to the gravimetric method. After the calibration,
the values of volumetric water content measured by TDR
are comparable with values determined by the gravimetric
method.

Soil electrical conductivity, and thus also soil salinity, are
affected by application of soilamendments such as fertilizers,
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manure and composts. Nitrogen fertilizer application can
increase salinity and should be monitored closely on sites
with potential salinity concerns. Salinity of soil solution can
be increased significantly by addition of nitrogen, because
nitrogen salts are generally quite soluble with little resultant
effect on the solubility of other salts that may already be
present in the soil solution. Therefore, dissolved nitrogen
fertilizers are additional to the total salt in solution (Yaron,
1981). Several authors, including Jiangpei et al. (2015),
have investigated the impact of N fertilizers on increasing
soil salinity. In their particular study, nitrogen was applied
at high doses of 600 and 1,200 kg-ha™'. The authors stated
that salinity had increased significantly after N addition. The
increase in soil salinity was attributed to the nitrification of
excess N fertilizer. Similarly, Bryla et al. (2010) pointed out
that increasing N application had effect on soil electrical
conductivity. The application of granular N fertilizer may
increase the electrical conductivity of the soil solution.
One of the disadvantages of TDR devices is their inaccurate
measurement in soils with higher salinity. There is a lack of
information on the soil salinity or electrical conductivity at
our experimental site, however, the results show that, in
treatments with added nitrogen fertilizer at doses of 160
and 240 kg-ha™', TDR measurements were performed with
better inaccuracy in contrast to non-fertilized treatments.
Using the information observed by Jiangpei et al. (2015)
and Bryla et al. (2010), we assume that one of the reasons
of differences in the obtained values might be due to the N
fertilizer application.

Conclusion

The paper presents evaluation of the effect of applied N
fertilizer at doses of 160 and 240 kg-ha” on the accuracy

of soil moisture measurement with a HydroSense Il
device operating under the principle of TDR method. The
measurements using TDR devices can result in errors when
there is a high salt concentration in the soil. It is assumed
that N fertilization increased salinity in the soil, which in turn
led to measurement inaccuracies in fertilized treatments.
Values on soil volumetric water content obtained by TDR for
fertilized treatments (B20 + N160 and B20 + N240) differed
by up to 5% vol. in comparison to gravimetric method. In
case of non-fertilized treatments (BO + NO and B20 + NO), the
differences were negligible. After application of calibration
equations for each treatment, the differences in obtained
values dropped to 0 up to 2% vol. during the whole crop
vegetation period.
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USING ACOUSTIC EMISSION FOR MEASURING SURFACE ROUGHNESS
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This paper is focused on exploring and utilizing the acoustic emission and its behaviour during surface roughness measurement.
Surface quality or coating properties significantly affect the reliability and durability of operations. Three samples were selected
for an experiment to demonstrate the possibility of measuring the roughness of surface textures by means of acoustic emission
method (AE). These samples were made of the following materials: sample A2 — EN 54SiCr6 steel formed in water, austenitized at
850 °C for 20 minutes, sample A3 - non-heat-treated spheroidal graphite cast iron, and sample B5 - abrasion resistant austenitic
manganese steel. The surfaces were subjected to the same surface treatments (roughness Ra = 1.6-3.2 um) and measured under
the same conditions. All possible measurements were measured on both x- and y-axes. Final results are presented graphically. The
measured AE values showed a visible effect in the AE signals due to the lack of surface roughness.

Keywords: acoustic emission; surface roughness; surface quality; surface texture; acoustic waves

Evaluation of the surface properties of the parts is a result
of a specific technological process depending on specific
operational conditions of the surface in operation. This
surface rating is frequently referred to as surface integrity.
According to Dias et al. (2016) and Barényi et al. (2019), the
concept of surface integrity can be defined as all properties
of a functional surface, which have direct impact on its
performance under operation and result from technological
methods used for its manufacturing; these are also reflected
in the quality of the machined surface manufactured
components. The most frequently evaluated surface
integrity parameters include microgeometry (surface
structure); surface hardening layer after machining; and
structural changes in coating (Junki et al.,, 2018; Gong et al.,
2018; Dobrocky and Kusmi¢, 2015; Barényi et al., 2019).

Surface represents a border separating objects or
substances from each other. One can subdivide the surface
into three groups (nominal, real and measured) (Bhushan,
2001).

Nominal surface (ideal surface) represents the intended
surface without any surface irregularities. Its profile and
dimensions are usually shown in a drawing. The nominal
or ideal surface structure does not consider the intended
surface roughness (Bhushan, 2001).

Real surface is the real shape of an object and actual
boundary of an object. It differs from the nominal surface
due to the surface-shaping processes taking place.
Differences also come from the properties, composition and
structure of the body material (Bhushan, 2001).

Measured surface is shown using a measuring device
that obtains values by measuring the actual surface. The

real and measured surfaces differ, because no measuring
method is capable of perfect interpretation of the actual
surface (Bhushan, 2001).

Surface parameters are repeated or irregular deviations
from the ideal surface and form a surface texture. Surface
texture includes (a) roughness (nano-roughness and micro-
roughness); (b) waviness (macro-roughness); (c) lay; and (d)
flaws.

Nano-roughness and micro-roughness are shaped by
fluctuations of short wavelengths onthe surface, indicated by
ridges (asperities) (local maxima) and valleys (local minima)
of changeable amplitudes and distances. Their size can be
described as large in contrast to the molecular dimensions
(Bhushan, 2013). Within the roughness sampling length,
nano-roughness and micro-roughness are considered to
include traverse feed marks and other errors (Votava et al.,
2020; Ohtsu, 1995; Miller et al., 2005). Amplitude parameters
are considered to be the most important indicators for
surface texture assessment. Measurements of vertical
surface deviations are described herein (Machek, 2013).

Waviness is a surface irregularity formed by surface
layers of longer wavelength; it can be a result of device
deflection, vibration, heat treatment, and uneven pressure
of the work tool on the material. Irregularities are associated
with waviness, the length of which exceeds the roughness
sampling length but does not exceed the waviness sampling
length (Votava et al., 2020; Ohtsu,1995, Miller et al., 2005).

Lay is determined by the main direction of the
predominant surface pattern, which is usually defined by
the manufacturing process (Poldkovd and Dostél, 2019;
Ohtsu, 1995)

Contact address: Jozef Zarnovsky, Slovak University of Agriculture in Nitra, Department of Quality and Engineering Technologies,
Tr. Andreja Hlinku 2, 949 76 Nitra, Slovak Republic, e-mail: jozef.zarnovsky@uniag.sk

150




Flaws are unintentional, unexpected and undesirable
surface texture errors. Furthermore, the surface may contain
significant deviations from the nominal shape due to
a very long wavelength, resulting in shape errors. They are
generally not considered to be part of the surface (Ohtsu,
1995).

Acoustic emission (AE) is a promising and challenging
subject of modern technology and science. It is defined as
the generation of sound and ultrasound waves in materials
subjected to deformation forces. At the time of fracture,
cracking occurs with the release of stored stress energy. Due
to microcracking, some of the stored energy is released in
the form of elastic waves - acoustic emissions. As illustrated
in Fig. 7, AE waves spread through an object and can be
recorded by an AE sensor on the surface, which transforms
the vibrations into electric signals (Ohtsu, 1995, Miller et al.,
2005).

The propagation of fracture sound in materials was
originally marked as AE because they are both acoustic
and audible. It has been explained, on the basis of the
elastodynamics, that AE waves may be synthesized as
elastic waves due to dislocation movement. The latter part
of the AE waveform is generally the result of the AE sensor
resonance vibration (Junki et al, 2018; Gong et al., 2018;
Dobrocky et al., 2019).

The volume and characteristics of generated AE
waves are based on the source characteristics: initial
significance; current state; local metallurgical structure;
and current environments. There is a couple of factors
which effect the propagation of the wave in the material.
Surface waves are created by reflections that are caused
by macro-discontinuities and micro-discontinuities. Grain
boundaries, inclusion, etc. lead to reflection and diffraction.
The anisotropic properties of the medium cause the wave
to change its speed and disperse in different directions with
different speeds, showing the non-ideal elastic behaviour of
the medium (Ohtsu, 1995; Miller et al., 2005).

The paper aims to show the diversity of acoustic
emission utilization and possibilities of its use in practice.
A new method of surface roughness measurement using
acoustic emission is proposed and AE surface scanning
procedure was designed. This procedure was subsequently
tested using the surfaces of various types of materials.

Three samples made of different materials were selected
to demonstrate the ability to measure surface texture
roughness using the designed method. The surfaces were
subjected to the same surface treatment (roughness Ra =
1.6-3.2 um) and measured under the identical conditions
(Tulka, 2005). Each sample was marked with a combination
of letter and number for simplification:
— A2 - Steel EN 54SiCr6 hardened in water, austenitized at
850 °C for 20 minutes (Fig. 1);
- A3 -Spheroidal graphite castiron without heat treatment;
-B5 - Abrasion resistant austenitic manganese steel
(EN X53CrMnNiN21 9), especially resistant to dynamic
abrasive wear (so-called 13% Mn “HADFIELD steel”).

Fig. 1

Measured samples

An AE Xedo analyser manufactured by Dakel was
used for the purposes of measuring the acoustic signal.
Amount of released energy during the measurements was
recorded utilizing an IDK 09 sensor produced by Dakel;
this sensor transferred the released energy to the acoustic
signal. Recorded signal was then sent to Xedo analyser and
subsequently to PC with DaeShow software, by means of
which the measurement plots were created.

Diamond tip was used to produce acoustic signals.
Gauge for the tip was tailored specifically to order and was
made of stainless steel. A diamond tip with a diameter of
approx. 0.75 um, with an angle of 60°, was embedded to
a stainless steel cylinder and fastened with silver solder
(Fig. 2).

For accurate measuring, optimal conditions were
provided by isolating the ambient conditions from ambient
noise in order not to distort the measurement results. An IDK-
09 sensor was attached to each sample using a plastic clamp
(a special binding medium was added between the meter
and the sensor). Several measurements were performed
before the measurement. Pen tests were conducted to tune
ambient noise, which would distort the entire measurement.
DaeShow software was set up to provide the clearest results
with almost no noise, following the Pen test.

The distance was measured simultaneously in the x-axis
and y-axis in the sample. The sample was supported with an
anti-vibration pad to prevent the propagation of vibrations

from the surroundings.



Fig.2 Diamond tipped gauge used for surface roughness measurement
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Fig.4 Sample A2 measured using IDK-09 sensor on the y-axis

The measurement record was
started when the gauge diamond tip
was placed on the sample surface and
pulled along the indicated path. The
track length was 50 mm. Recording
stopped at the end of the track. The
measurement was repeated five times
and then continued on the y-axis.

The acoustic surface response of
selected materials was measured. For
this purpose, a special tool equipped
with a diamond tip and a piezoelectric
sensor connected to the evaluation
device was produced. Samples of
three types of material were tested,
all with surface roughness in the
range Ra 1.6-3.2 um. The following
materials were investigated: steel EN
54SiCr6; spheroidal graphite cast iron
without heat treatment; and steel EN
X53CrMnNiN21 9, resistant to abrasion.
Diamond specimen cross-sections
were measured in samples in both the
x-axis and y-axis.

Following graphs show data
on the observed sample surfaces
obtained by means of IDK-09 sensor
fixed on the gauge. On the basis of
the obtained results, it is clear that the
values measured by AE method differ
significantly in various materials.

In relation to testing of EN 54SiCr6
hard steel, a large difference in acoustic
response was observed between the x
and y measurements. This was due to
the directionality of the roughness of
the surface created by the defending
tool. The recording was performed
in the direction and perpendicular
direction of the tool track. In the x-axis
direction, one can see a regular mark
of the instrument. On the y-axis, the
trackis irregular, which is caused by the
gauge moving along the track (Figs. 3
and 4).

The surface analysis of a spheroidal
graphite cast iron material shows
a similar signal in the AE record in
both measured directions. However, its
course was influenced by the graphite
contained in the alloy and the presence
of graphite in the material affected the
recording. After the measurement,
there remained a visible trace in the
material (Figs. 5 and 6). Moreover,
record of the cast iron was distorted
despite using less sensitive sensor. The
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Fig.7 Sample B5 measured using IDK-09 sensor on the x-axis

diamond tip did not copy the surface,
indicating that it is an inappropriate
method for cast iron roughness
measurements. The issue can be
probably solved by using a diamond
tip with a larger angle.

The last observed material
was abrasion-resistant  steel EN
X53CrMnNiN21 9. The emission of
acoustic waves is noticeable in both
transverse and longitudinal directions
with similar RMS values. It showed
a suitable signal in regard to the
measured voltage level on the sensor,
as well as the shape, in both directions.
This might have been caused by the
surface finish of the material, which
was performed by diamond grinding.
This signal can be further processed
and evaluated.

It is thus evident from the
experimental results that hard
materials with less rough surface
are the most suitable materials for
surface analysis using the AE method.
Considering the softer materials
and alloys, it is advisable to adjust
the measuring diamond tip to avoid
damaging the sample and prevent the
influences on the measurement at the
same time.

For the purposes of the experiment
presented, a diamond cone with an
angle of 60° was selected to measure
the surface roughness. Utilization of
this apex angle on hard materials is
considered appropriate, since the tip
traces the surface more precisely and
provides a more accurate picture of
the surface. However, for surfaces with
lower hardness, a diamond tip with
a greater apex angle of 90° would be
more efficient. A larger apex angle
should prevent the formation of a
deep trace on the material surface
and distorting the measurement
results. In order to achieve the accurate
results, gauge tip is made of diamond,
because it shows high durability and
also ensures low abrasion wear on
surfaces with higher hardness. In the
case of measuring the materials with
lower hardness, it is also possible to
use a cheaper alternative in the form of
hardened steel.

The surface roughness Ra of
specimens ranged from 1.6 to 3.2 um.
However, the voltage generated on
the membrane differed considerably in
observed materials. These deviations
were caused by the hardness and
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Fig.8 Sample B5 measured using IDK-09 sensor on the y-axis

structure of the material. For example,
the difference of the values in the
particular axes is best seen in the A3
sample (spheroidal graphite cast iron)
where the voltage is at 130 mV on the
y-axis and at approx. 230 mV on the
X-axis.

Conclusion

The aim of this work was to investigate
the suitability of the acoustic emission
method for surface roughness
measurement. The acoustic surface
response of selected materials was
observed. Diamond cone with apex
angle 60° was selected for the surface
roughness measurement; utilization
of this angle on hard materials is
considered appropriate, because the
tip follows the surface more accurately
and provides a more accurate surface
description. For surfaces with lower
hardness, usage of a diamond tip with
apexangle ofatleast 90°would be more
effective. A larger apex angle should
prevent the formation of deep traces
on the material surface and distorting
the measurement results. For accurate
results, the tip of the gauge uses a
diamond that exhibits high durability
and also ensures low wear on surfaces
with higher hardness. In the case of
materials with lower hardness, it is also
possible to use a cheaper alternative in
the form of hardened steel.

Surface roughness Ra ranged from
1.6 to 3.2 um. However, the stress
generated on the diaphragm varied
widely between materials. These
variations were a result of differences
in the hardness and structure of
materials, e.g. the difference in values

in specific axes can be best seen
in sample A3 (spheroidal graphite
cast iron), in which the y-axis showed
a voltage of 130 mV and the x-axis
approx. 230 mV.

This method is less suitable for hard
materials with a surface roughness
reaching Ra = 3.2 um. Furthermore, the
measurements presented were greatly
influenced by the directionality of the
surface structure.
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