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Abstract

Environmental and energy conservation pressure have led into intensive search
for green sources of energy. One of the options being explored is generation
of biogas from cellulosic (biodegradable) wastes. However, maintaining tem-
perature for optimum biogas production is often an existential challenge. The
materials/equipment used to control temperature is expensive as most of them
require electricity. In this study, we investigated the feasibility of using a lo-
cally available material (sawdust) in anaerobic digestion (AD) of cotton yarn
wastes (CYW) for biogas production. Two-liter digesters were set at room tem-
perature, in a water bath and in sawdust using CYW as the substrate and cow
dung as the inoculum. Biogas yields were recorded using water displacement
method for 30 days and the effect of temperature was examined in each case.
Results of the study indicated that the digester whose temperature was con-
trolled using sawdust showed consistency in biogas production. Digester in
the water bath showed the highest biogas yield compared to the digester con-
trolled using sawdust and the one at room temperature with biogas yields of
2481.23 = 5.50 mL per g-VS§, 1856.51 + 6.98 mL per g-VS and 1084.29 + 5.71
mL per g-VS§, respectively. Similarly, the digester operated at control temper-
ature using water bath had higher methane content 62.35% followed by di-
gester in sawdust and then uncontrolled one with 52.45% and 45.28% respec-
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tively. The results of our study indicate that sawdust has the potential of re-
gulating temperature in the range that allowed AD of CYW for biogas pro-
duction. Therefore, CYW and sawdust which are readily available materials
can be harnessed for biogas production at room temperature.
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Keywords

Cotton Yarn Waste, Sawdust, Control Digester Temperature, Optimum
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1. Introduction

There has been an increasing need to meet the United Nations energy and climate
targets indicated in the 17 aspirational Sustainable Development Goals. These
have primarily focused on using green energy sources to reduce the impacts of
decadal climate change. Wind and solar energy are the most well-established re-
newable sources of energy, particularly in European countries [1]. Another po-
tential renewable energy source that has gained global attention is biogas because
of its potential to solve waste disposable problems, facilitate carbon sequestra-
tion and act as a buffer to erratic electricity supply [1] [2].

Biogas is produced by microbial degradation of carbonaceous compounds in
anaerobic conditions (anaerobic digestion, AD) [3]. This process occurs in four
distinct phases (namely: hydrolysis, acidogenesis, acetogenesis and methanoge-
nesis) in the presence of a consortium of synergistic anaerobic microbes [4]. Hy-
drolytic bacteria first break down complex organic polymers like carbohydrates
and proteins into simple soluble monomers. Acidogenic bacteria then consume
the products of hydrolysis, converting them into simple volatile fatty acids and
simple alcohols [5]. Further fermentation of the organic acids and carbon dio-
xide (CO,) occur via acetogenesis, forming acetic acid, hydrogen and carbon dio-
xide which are the direct substrates for methane (CH,) production [6]. Metha-
nogenic bacteria generate CH, mostly from acetic acid and the remainder from
hydrogen and CO, [7] [8]. After digestion, organic material is stabilized and ga-
seous byproducts (primarily CH, and CO,) are released [8] [9]. Normally, AD
operates in the mesophilic (25°C to 40°C) or thermophilic (40°C to 60°C) tem-
perature ranges where most of the methanogens are active [9] [10]. However,
methanogenesis can also occur at low temperatures (>20°C), a process termed psyc-
hrophilic digestion. Thus, methanogens are classified as psychrophilic, meso-
philic or thermophilic, contingent on the foregoing working temperature range
[11]. AD at psychrophilic temperature has not been as extensively explored as
either mesophilic or thermophilic AD [6].

Anaerobic digestion in biogas production depends on the substrate used, sol-
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ids loading, operating temperature and the hydraulic retention time [9]. There-
fore, by controlling AD of cotton yarn wastes (CYW), methane emission from
disposed CYW could be reduced. Anaerobic digestion of CYW for biogas pro-
duction has been barely investigated. Isci and Demirer [12] studying anaerobic
treatability and methane generation potential of various cotton wastes in batch
reactors reported that the wastes were potential substrates for biogas production.
An analogous conclusion was drawn by Rasel et al [13] after investigating the
potential of cotton (spinning, knitting and cutting) wastes in biogas production.
Only one study in our laboratory [14] reported exclusively on biogas production
from CYW but examined the feasibility of its co-digestion with human urine. It
was found that the presence of human urine in AD of CYW enhanced biogas
production by more than 35.6%, demonstrating that human urine could be an
effective waste for co-digestion of solid wastes such as CYW [14].

Normally, fresh cow manure containing mesophilic microbes is used as a cheap
and readily available inoculum (source of methanogens) [14] [15] [16]. Addition
of manure to anaerobic digesters simultaneously supplies microbes and organic
material, allowing conversion of organic matter to biogas. However, the meta-
bolism of mesophilic bacteria slows or shuts down at 20°C - 25°C [17]. This re-
quires that digesters should be stored indoors, incubated in a water bath, heated
or completely retired in the cold season. The materials/equipment used to con-
trol temperature are expensive as most of them require electricity. If solutions to
this temperature limitation were achieved, biogas technology could be proved as
an excellent alternative energy source for communities, especially those which
face particularly high costs of fuel and have paid high rate capita for energy
consumption due to cold climates [18]. Interestingly, psychrophilic methano-
gens have been shown to produce biogas during winters [17]. However, temper-
ature control is usually an existential struggle in biogas production as fluctua-
tions in temperature can cause digester failure [19]. Vu et al [20] reported that
insulating the surface and digging the digester deeper into the soil could contri-
bute to a higher digester temperature during cold conditions. Christy et al [21]
maintained that heat losses in AD biogas production can be avoided by insulat-
ing the digester cover. In this context, Park et al. [22] reported that mud temper-
ature increased with increase in the internal depth of the digester during ther-
mophilic acid fermentation of kitchen wastes. Temperature of air entering a biogas
digester during cold conditions may be affected by different factors, but it is
mainly affected by the air temperature and the degree of heat exchange between
the digester and the digester and air among others [20] [23] [24]. To find out a
simple way of maintaining temperature during cold conditions, it is important
to understand the factors influencing the digester temperature [25]. As an exten-
sion of our study [14], the objective of the current study was to improve the effi-
ciency of a biogas digester operating at cold temperatures by using a locally availa-
ble material (sawdust). Specifically, the effect of sawdust in controlling tempera-

ture in the digester, and the consequent effect on biogas production using CYW
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as the substrate were investigated.

2. Material and Methods

2.1. Substrate and Inoculum Collection, Preparation and
Characterization

The CYW used as the substrate in this study were collected from at Rivatex East-
ern Africa Limited, Eldoret, Kenya while the inoculum (cow dung) was obtained
from Moi University main campus farm. CYW were cut into small pieces using a
pair of scissors (to facilitate biodegradation) and kept in the laboratory for a
week (Figure 1). Its temperature was monitored daily using a handheld thermo-
meter.

About 10% of the total volume working reactor was used as inoculum [14]
[15]. The inoculum was kept refrigerated at 4°C for two days before use to mi-
nimize degradation and preserve integrity of microorganisms in it. It was used
without subjection to any further treatments.

The CYW was characterized for its initial total solids (TS), volatile solids (VS),
moisture content (MC), pH, carbon to nitrogen (C/N) ratio and ash content. The
TS, VS and MC were characterized following the standard methods for Exami-
nation of Water and Wastewater [26]. The VS, TS and MC (calculated on a wet
basis) were computed using Equations (1), (2) and (3) [27].

TS= %xmo (1)
(W, -W,)

VS=-2_"4/,100 2)
(W; —W; )

MC = (W, -W;) %100 (3)

2

From which W, = Weight of crucible, W, = weight of wet material and cruci-
ble, W, = Weight of dry material and crucible at 105°C in the oven, W, = Weight

of material and crucible after ignition at 55°C.

(b)

Figure 1. Cotton yarn wastes. (a) Bulk sample at Rivatex Eastern Africa Limited before
collection; (b) after cutting into small pieces.
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A pen type pH meter (PH-009(I)A) was used for all pH measurements. Khel-
dahl method was used to determine the total nitrogen content which involved
sample digestion followed by volumetric determination. Briefly, 1 g of the sam-
ple was weighed into a digestion flask together with a catalyst composed of 5 g of
potassium sulphate and 0.5 g of copper (II) sulphate and 10 mL of concentrated
(98%) sulphuric acid (H,SO,). The mixture was heated in a fume hood at 420°C
till the digest color turned blue signifying the end of the digestion process. Then
the digest was cooled at room temperature, transferred to a 100 mL volumetric
flask and topped up to the mark with distilled water. An empty digestion tube
(blank) with the catalysts and acid was also made. Measured 10 mL of the di-
luted digest was transferred into a distilling flask and washed with about 3 mL
distilled water. An aliquot (15 mL) of 40% (w/v) NaOH was added and this was
also washed with about 3 mL distilled water. Distillation was done to a volume of
about 60 mL distillate. The distillate was titrated using 0.02N HCI to the orange
color of the mixed indicator (Methyl orange) which signified the end of the point.

Total carbon analysis was done using Walkey-Black potassium dichromate
method as described by previous authors [28] [29]. Accurately weighed 1g of dry
samples was put in 250 mL conical flasks and 10 mL of 1N potassium dichro-
mate solution (K,Cr,0,) was added and swirled. Thereafter, 15 mL of H,SO, was
added in a fume hood swirled again three times. The flasks were allowed to stand
for 30 minutes, and then 150 mL distilled water was added followed by 5 mL of
ortho-phosphoric acid. The contents were titrated with 0.5N ferrous ammonium

sulphate solution till the color changed from blue to green.

2.2. Experimental Conditions

The experiments were conducted in duplicate using 2 L (8 cm diameter and 25
cm height) aspiration plastic bottles with working volumes of 1.5 L which were
painted black to increase insulation [14]. The anaerobic digesters contained 150
g of inoculum and 338g of prepared CYW and the remaining volume was topped
up with water. Two batch fermenters were set at room temperature; two were
buried in buckets filled with sawdust and two others were incubated in a water
bath at 37°C (Figure 2 & Figure 3). The batch experiments were performed un-
der normal conditions for 30 days in the Chemical and Process Engineering La-
boratory, Moi University, Kenya.

The substrate was prepared at the start of experiment and mixed before being
added to the digester. The substrate was digested at 25% TS. The digesters were
gently shaken once every week. During the experiment, biogas production was
measured by water displacement method daily.The conical flask filled with water
(1 L) and connected to a digester so that when gas was produced, water moved
to a different conical flask (500 mL) then the displaced water was collected and
measured using a measuring cylinder (Figure 3).

The biogas produced was standardized according to DIN 1343 (standard con-
ditions; temperature (T) = °C and pressure (P) = 1103 bar) [30]. The biogas vo-

lume was normalized using Equation (4) [20] [30].
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Figure 2. Overview of controlled digester with sawdust. (a) Schematic diagram; (b) and (c) experimental set ups.

Figure 3. Full biogas setup. (a) Control digester (at room temperature); (b) digester in sawdust; (c) digester in water bath.

Vx273x(760-R,)
N (273+T)x760

(4)

where V,, = volume of dry biogas at standard conditions (mL), V' = biogas vo-
lume recorded (mL), P, = vapor pressure of water (mmHg) and 7= room tem-
perature (K).

Normally, the digester gas is saturated with water vapor. Therefore, the water
vapor pressure was calculated according to the modified Buck equation (Equa-
tion (5)) [30] [31].

Ry = P(T)=4.5445x exp[ls'm{i](ﬁ]) (5)

From which P is the vapor pressure in mmHg and T is the temperature at the

ambient space (°C). The biogas yield (Y) was calculated using Equation (6) [32].
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_ Biogas production(mL)
VSremoved (g)

(6)

where

VSremoved = VSinitiaI ( g ) _VSfinaI (7)

A multi-gas detector (SKY2000-M4-WH model) was used in the quantitative

analysis of biogas produced.

2.3. Statistical Analyses of Results

All numerical results were subjected to preliminary statistical analysis where
they were averaged, and the results presented as means * standard deviations of
replicates. Past is free software for scientific data analysis, with functions for data
manipulation, plotting, process statistical data, generate graphs and calculate
various statistical indicators. Therefore, all statistical works were done in Mi-
crosoft Excel 2016 (Microsoft Corporation, USA) and Past statistical software

(version 4.03).

3. Results and Discussion
3.1. Temperature

It is important to control the process temperature in biogas digesters to ensure
good performance of microorganisms [33]. Throughout the experiment, the av-
erage ambient temperature measured was 20.63°C * 2.37°C while sawdust tem-
perature was 22.16°C * 1.18°C. Room temperature drifted from the design con-
ditions of 15°C and 22°C throughout the course of the study (Figure 4). The av-
erage temperature (T4) of digester slurry (digester dipped in sawdust, D2), rec-
orded from temperature loggers located inside sawdust and the digester settled
at room temperature (D1) varied by as much as 2°C and 5°C, respectively. The
average temperature in each digester was 27.03°C + 0.18°C and 24.06°C + 0.18°C,
respectively. The average temperature measured in the digester dipped in saw-
dust was fairly constant and significantly higher (statistically different) than the
control digester left at room temperature. Only slight changes on day 5, day 16
and day 25 were recorded for the digester in sawdust. The temperature of the
digester slurry settled in the water bath (D3) was not measured. Apart from this,
the plastic bottle digester showed some practical advantages due to adaptable

conditions, keeping the warm as it was painted black.

3.2. Physicochemical Characteristics of CYW and the Inoculum

The characteristics of feedstock are important in designing and operating anae-
robic digesters. The initial characteristics of feedstock strongly affect their bio-
degradability, quality and quantity of biogas produced as well as anaerobic sta-
bility [34] [35]. The physicochemical characteristics of CYW and inoculum are

given in Table 1.
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Figure 4. Comparison of room temperature (T1), sawdust temperature (T2) and temperature recorded in D1 slurry (T3) and

temperature recorded in D2 slurry (T4).

Table 1. Physicochemical characteristics of the substrate and the inoculums.

Parameter Cotton yarn waste Inoculum

pH 7.20 £ 0.30 6.50 £ 0.20
Moisture content (%) 8.82 £ 0.34 91.67 £ 0.65
Total solids (%) 91.18 £0.58 8.33+£0.25
Volatile solids (%TS) 80.48 + 0.42 87.64 + 0.45
Ash content (%TS) 19.52 £ 0.35 12.36 £ 0.29
Carbon to nitrogen ratio 41.31 +£0.34 21.25+0.35

Values are presented as means + standard deviations of triplicates.

The total solid content of the feedstock (CYW) was 91.18% + 0.58% and
8.33% + 0.25% for the inoculum. These are close to the TS contents of 90.46% +
0.20% and 9.36% + 0.20% for CYW previously reported in our laboratory [14].
Potential of gas production from the substrate depends on the VS loading of the
reactor and the percentage of VS reduction through digestion [36]. Therefore, a
substrate with high concentration of VS is the best for AD. In this study, the VS
percentage of TS of CYW and inoculum were 80.48% + 0.42% and 87.64% *
0.45%, respectively (Table 1). These are close to the VS contents of 77.12 +
0.20% and 85.64% = 0.10% for CYW previously reported by Twizerimana et al
[14]. Nevertheless, the values lie in the range of 70% - 95% necessary for efficient
AD process [14] [37]. Further, the VS/TS ratio which expresses the degree of
biodegradability of wastes was 85.25% for CYW which is indicative of its high
biodegradability and suitability as a feedstock for biogas production [17] [38].

The C/N ratio of the inoculum was 21.25:1 which is in a suitable range to keep
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the AD in a stable condition [39]. However, the CYW had high C/N ratio of
41.31:1 and therefore not easily degraded. It was reiterated by previous authors
that the optimum C/N ratio of organic wastes harnessed for anaerobic biogas
production should be 20 - 30:1 [40]. In practice, C/N ratios of potential biogas
feedstocks are frequently lower or higher than the suggested range [41]. Einars-
son and Persson [42] therefore gave a different standpoint that both the C/N ra-
tio and TS content of organic wastes should be taken into consideration as they
can both affect biogas production. The results of physiochemical properties of
effluents from AD showed that there were decreases in the average TS and TVS.
After digestion, the TS, TVS and MC were 21.61% + 0.13%, 23.61% + 0.23% and
78.38% * 0.56%, respectively. The moisture content was high due to water addi-
tion before digestion and water that increased during hydrolysis process. Diges-
ter D2 showed a reduction in TS and VS of 37.00% + 0.22% and 40.00% =+ 0.34%,
respectively. Digester D3 represented the largest reduction among all digesters,
48% for TS and 61% =* 0.18% for VS. Digester D1 showed the smallest reduction
with TS of 25% + 0.31% and VS of 30% + 0.25%. Possibly, the smallest reduction
is due to the low availability of soluble organic matter for the activity of micro-
organisms [25] as it operated at the lowest temperature which ended up limiting
biogas production and the reduction in the amount of VS. This suggests that low
temperature is a disadvantage to both biological and physicochemical degrada-
tion of biogas substrates. Olanrewaju and Olubanjo [43] using poultry droppings,
cow and swine dung reported that there was a reduction in the TS and VS as
biogas yields increased. Reduction in TS and VS is an evidence of the efficiency
of the AD process, associated with higher biogas production. In this study, sub-
strates digested at 37°C exhibited relatively high biodegradation efficiency. Cha-
racterization of CYW showed that it had a relatively low moisture content, with
high TS and VS content which showed that it is a potential feedstock for AD.

3.3. Biogas Production

Biogas production started soon after the start of the test, in variable but signifi-
cant amounts. Daily rate of the biogas production was a little bit high for the first
days and declined after 5 days and sharply started increasing, with the maximum
daily rate of biogas production being achieved on days 11 and 12 for D2 and D3
with biogas yield of 136.17 mL per g-VS and 165.25 mL per g-V§, respectively.
Only digester D1 showed its first biogas peaks at around 5 days (Figure 5), a fact
that might be due to the lower temperature at which the digester was ran. Fur-
ther, D1 had a high daily peak observed on day 13 with a biogas yield of 100.86
mL per g-VS. It was also observed that the peaks of biogas showed similar beha-
vior with increased production in the first days. The peaks of biogas production
in the early days may be related to favorable temperatures and large quantities of
easily biodegradable materials (carbohydrates, proteins and starch) which were
present in CYW or may also be associated with the capacity for adaptation to the

AD process by microorganisms in the substrate [14] [44] [45]. It was also ob-
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200

served that after the conversion of the easily biodegradable material fraction, the
system needed to start the degradation of more complex compounds with a
greater level of difficulty [46] [47]. Investigation of the effect of temperature on
AD indicated that digester D3 operated at control temperature using water bath
had higher biogas yield (2481.23 + 5.50 mL per g-V§) as well as methane content
62.35% followed by digester (D2) in sawdust and then uncontrolled one (D1)
with biogas yield of 1856.51 + 6.98 mL per g-V§, 52.45% CH, and 1084.29 + 5.71
mL per g-VS, 45.28% CH, in retention time of 25 - 35 days respectively. The
biogas compositions were analyze usinga multi-gas detector (SKY2000-M4-WH
model, Gas type: CO,/CH,/O,/H,S) (Table 2). The results reaffirmed that tem-
perature control has a significant effect on biogas production.

The results obtained for methane were within range of 40% - 60% reported by
preceding authors [48] [49] [50]. This suggests that microbial activity at room tem-

perature was high and contributed to biogas production. The total average biogas

Table 2. Biogas composition from the different digesters.

Component tlz;;itr:z?rr:) D2 (Sawdust) D3 (in water bath)
Methane 45.58% 52.85% 62.75%
Carbon dioxide 50.47% 44.38% 35.11%
Oxygen 3.25% 2.17% 1.54%
Hydrogen sulfide 254 ppm 215 ppm 200 ppm

Values are averages of triplicate analyses.
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Figure 5. Daily cumulative biogas yield.
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yield reached was 2481.23 + 5.50 mL per g-VS. This showed efficiency of biogas
production throughout the study. As temperature increases, biogasproduction rate
is expected to increase until an optimum temperature is attained [22] [26]. Ex-
perimental results indicated that typical temperature control at higher tempera-
tures cause decomposition to take place quickly (Figure 5). Figure 5 is often seen
that biogas production was not ended at the same time. This is often predicted
that the carbons contained by all of the digesters’ constituents are not equally
degraded or converted to biogas production.

Technically, only moderate and thermophilic temperatures are feasible and rea-
listic, because AD is very slow at room temperature [51] [52]. However, the dis-
advantages of high-temperature AD are reduced process stability, reduced dehy-
dration performance of fermented sludge, and a large amount of energy required
for heating [52] [53]. This study has addressed such a challenge in a potential
industrial biogas system by investigating the effect of sawdust on biogas produc-
tion. The results indicated that sawdust has a potential of regulating the temper-

ature in the required range for AD in biogas production.

4. Conclusion

The physicochemical characteristics of CYW showed that it is a suitable sub-
strate for AD in biogas production. However, its C/N ratio was high compared
to the inoculum. The digester whose temperature was regulated using sawdust
had biogas yields that were comparable to the one controlled using water bath
(1084.29 * 5.71 mL per g-VS and 2481.23 + 5.50 mL per g-VS§, respectively in
25-35 days). Further studies should explore other locally available potential

temperature regulators for potential replicability at room temperature.
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