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Abstract Organic wastes from wholesale vegetable,
fruit, and flower markets are one among the major
sources of centralized waste generation in urban cities,
which are predominantly disposed at dumpsites. Sus-
tainable solution for the effective treatment and disposal
of these wastes from Indian urban centers needs to be
explored. Anaerobic digestion (AD) process coupled
with extrusion as a pretreatment prior to AD was studied
to increase methane production from vegetable, fruit,
and flower market wastes. The detailed waste character-
ization and bio-methane potential (BMP) tests of vege-
table, fruit, and flower market wastes were carried out.
From the results of BMP tests, the highest specific
methane yield (SMY) of 332.7 mLy/g oDM (31% in-
crease) was obtained for extruded fruit market wastes
compared with non-extruded wastes, which showed
SMY of 253.9 mLy/g oDM. Similarly, the SMY of
vegetable and flower market wastes was significantly
increased (p<0.05) to 319.6 mLy/g oDM (+35.5%)
and 188.1 mLy/g oDM (+42.3%), respectively, as a
result of extrusion pretreatment. Further, AD of extrud-
ed wastes showed 11.4-17.2% increase in the oDM
reduction in concurrence with the increased SMY. The
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energy potential of extruded and non-extruded wastes
varied between 6.4-10.9 MJ/kg DM and 4.7-9.4 MJ/kg
DM, respectively. In addition, from the profile of bio-
methane production, it is observed that the extruded
wastes reached 95% of SMY in 14-17 days unlike
non-extruded wastes, which took 17-23 days to reach
the same value thereby attaining steady-state condition
faster than non-extruded wastes. Among the three
models used, the logistic model showed best fit with
R? value of 0.96-0.98 with minimum SMY deviation <
2.8% than first-order kinetic and modified Gompertz
models. Results of the study revealed that extrusion
pretreatment of wholesale vegetable, fruit, and flower
markets wastes prior to AD was found to be effective in
increasing the methane production during anaerobic
treatment of these wastes from urban centers.

Keywords Anaerobic digestion - Energy - Bio-methane
potential tests - First-order kinetic model - Modified
Gompertz model - Logistic model

1 Introduction

Growing industrialization and urbanization increase the
challenges for managing the wastes being generated from
urban cities (Joseph et al. 2012; Salehiyoun et al. 2019).
This further increases the per capita waste generation rates
and energy demands on the other hand (Shareefdeen et al.
2015). The organic fractions of municipal solid wastes
(MSWs) not only increase the load to the landfills/
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dumpsites but also lead to the under-exploitation of the
wastes’ potency for energy generation. These organic frac-
tions include wastes from households, food waste, vegeta-
ble, fruit and flower market wastes, garden trimmings,
litters etc. Food and Agriculture Organization (FAO) has
reported that one third of the produced food is being
wasted every year among which the highest wastage is
being shared by horticultural commodities of about 60%
(FAO 2019). This highest share of horticultural wastages
results from various stages that include harvesting, trans-
portation, classification/grading, storage, marketing, and
processing (Sagar et al. 2018). Among these stages, by-
products of vegetables and fruits discarded as waste during
processing share a significant amount and the quantities of
fruit and vegetable market waste generation vary among
different fruit and vegetables. However, in general, about
18-30% is being discarded as waste materials from many
fruits and vegetables (Narnaware et al. 2017; Sachdeva
et al. 2013; Mozhiarasi et al. 2019a). In addition to fruits
and vegetables, floral wastes are also being generated in
huge amounts especially in countries where the flowers are
used every day for worship in temples. It was also reported
that the wastes from vegetable, fruit, and flower markets
are one among the major source of centralized waste
generation among organic fractions of MSW in urban
cities (Jha et al. 2008). Hence, there is a need for utilization
of vegetable, fiuit, and flower market wastes from centralized
horticultural markets in urban cities. Biological treatment of
these wastes is a suitable option in terms of economic
viability and environmental pollution reduction (Paraskeva
and Diamadopoulos 2006; Bouallagui et al. 2005).

Anaerobic digestion (AD) of organic wastes is one
among the biological treatment methods that has gained
importance in the recent years since AD process gives
output in the form of energy/fuel and nutrient rich bio-
fertilizer (Porselvam et al. 2017; Zielinski et al. 2019).
Thus environmental-friendly transformation of wastes
can be done through AD process that meets the sustainable
development goals (SDGs) of the United Nations to attain
sustainability, affordable energy, and climate action (goals
7, 11, and 13 of SDGs) (Li et al. 2016; Song et al. 2019).
Biological degradation of organic matter through AD in-
volves a series of processes such as hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. The se-
quences of reactions involved in the conversion of biomass
to biogas are detailed as follows.

Hydrolysis involves the breakdown of chemical
bonds where the anions and cations react with water
molecule to facilitate cleavage of H-O bonds by altering
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the pH (Den et al. 2018; Anukam et al. 2019). This is
usually a slow step especially if a solid substrate is
utilized, and the reaction involved is presented below
(Van et al. 2020).

(CéHIOOS)n + n H,O—n C¢H 2,06 + n Hy (1)

From Eq. (1), it could be seen that the hydrolysis of
cellulose (C4Hs01), forms glucose (C¢H;,0¢) and re-
leases hydrogen (H,) with the presence of water mole-
cule. This Eq. (1) mainly involves the breakdown of the
[3-1,4-glycosidic linkages, which in turn creates the
accessibility for catalytic transformation (Bertucci
et al. 2019; Anukam et al. 2019). Homogeneous or
heterogeneous acids catalyze this reaction to form a
monosaccharide (C¢H;,Og) (Lee et al. 2014). Usually,
protons (H+) and hydroxide anions (OH—) present in the
acid catalysis result from the dissociation of water mol-
ecule that catabolizes the cellulose compound to simpler
compounds with the release of energy (Karuppiah and
Azariah 2019; Anukam et al. 2019). Similarly, the
chemical bonds in biomass containing insoluble or-
ganics are broken down to form soluble compounds,
which can be utilized by the bacteria (Shah et al. 2014).
For instance, carbohydrates are broken down to saccha-
rides whereas proteinaceous substances catabolized into
amino acids and subsequently lipids into fatty acids
(Sikora et al. 2018).

The second step is the acidogenesis, which is a fermen-
tation process where the soluble compounds resulting from
the hydrolysis process are converted into volatile fatty
acids, alcohols, CO,, and H, upon the act of acidogenic
bacteria (Egs. (2)(4)) (Karuppiah and Azariah 2019). The
foremost organic acids produced in this stage are acetic
acid (CH;COOH), propionic acid (CH;CH,COOH), and
butyric acid (CH;CH,CH,COOH), which are the predom-
inate substrate utilized by the methanogens (Goswami
et al. 2016).

C6H1206—>2 CH3CH20H + 2 COZ (2)

CeH204—3 CH;COOH (3)

C¢H 206 + 2 H,—2 CH;CH,COOH + 2 H,O (4)

The next process is the acetogenesis where the vola-
tile fatty acids and alcohols formed from the
acidogenesis stage are being converted into acetate and
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hydrogen by proton reducing bacteria, which will be
utilized by methanogenic bacteria in the subsequent
stage (Egs. (5)—«(7)) (Venkiteshwaran et al. 2015). The
hydrogen released in this phase exhibits toxicity to the
acetogenic microorganisms, which in turn utilized by
the methanogenic bacteria, therein symbiosis exists be-
tween methanogenic and acetogenic bacteria (Shah et al.
2014). It is also stated that the VFA, CO,, and H, are
still being produced in this stage since there will be the
presence of small amount of water molecule that acts an
electron source for further conversion of the VFA
(Moestedt et al. 2019; Anukam et al. 2019).

CH3CH,COO™ + 3 H,0—»CH;COO™ + H* + HCO +3H, (5)

CeH 206 + 2 Hy0—2 CH;COOH + 2 C0; + 4 H, (6)

CH3CH,OH + 2 H,0—CH;COO™ +H" +3H, (7)

Methanogenesis is the last stage where the methano-
genic bacteria convert the acetic acid and hydrogen into
CH,4 and CO,. This stage involves the following con-
versions (Fenchel et al. 2012).

CH3COOH—CH4 + CO, (8)

CO, +4 H,—CH4 + 2 H,O (9)

2 CH3CH,0H + CO,—CHy + 2 CH;COOH (10)

The production of methane and carbon dioxide as a
result of decarboxylation of acetic acid could be seen in
Eq. (8) (Cazier et al. 2015; Hassan and Nelson 2012).

There exists two groups of methane producing bacteria,
i.e., acetophilic and hydrogenophilic (Goswami et al.
2016). The former species produces methane by acetate
decarboxylation and the latter by reduction of CO,/H,.

Among these four series of processes, hydrolysis is the
rate-limiting step of AD process since it has greater influ-
ence on the degradation efficiency of the substrate
(Weichgrebe 2015; Khanal 2008; Hutian et al. 1999).
Lignin embeds the hemicelluloses and celluloses, and it
is hard to degrade lignin because of the presence of three
phenyl-propane precursor monomers (Fig. 1). Thus, it
prevents the accessibility to the cellulose and hemicellulose
compounds, which are biodegradable in nature. This
causes the delay in the hydrolysis of these compounds,
which often reduces the degradation efficiency of ligno-
cellulosic biomass during AD process (Zheng et al. 2019).
The pretreatment of lignocellulosic compounds usually
involves the complete deconstruction of the cell wall into
small fibers so as to create accessibility (Kucharska et al.
2018). Pretreatment not only helps in the breakdown of the
lignin, which protects the hemicellulose and cellulose, but
also reduces the susceptibility to enzymatic hydrolysis by
reducing the crystallinity of cellulose and increasing the
porosity of the compounds for higher accessibility. Thus,
the pretreatment for disintegration of lignin would result in
increased degradation efficiency (Kamdem et al. 2013;
Zheng et al. 2019).

In addition to the breakdown of lignin for a faster
hydrolysis process, the particle size of the substrate also
plays a vital role in the mass transfer, which in turn
influences the methane production (Izumi et al. 2010;
Kratky and Jirout 2011). Hence, for particle size reduc-
tion of substrate, several pretreatment units like shred-
der, ball mill, two-roll mill, colloid mill, extruder, etc.
are being utilized (Rodriguez et al. 2017). Among these
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Fig. 1 Effect of pretreatment on lignocellulosic biomass
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pretreatment units, extruder has been identified as a
novel pretreatment unit for biomass conversion to meth-
ane since it combines multiple operations in a single unit
(Chen et al. 2014; Hjorth et al. 2011; Novarino and
Zanetti 2012). As the substrate moves along the extruder
barrel, the biomass is subjected to friction heat, mixing,
and shearing, which in turn disrupts the structure of the
lignocellulosic biomass (Camire 1998). The pressure
along with the heat is developed while feeding the
biomass through the extruder barrel by a screw die with
increasing restrictions, eventually releasing the extruded
biomass (Kelley and Walker 2000). This causes the
physical and chemical changes in the structure of the
biomass as a result of extrusion process due to the
sudden drop in the pressure (from approximately
2700 kPa) while the biomass leaves out of the extruder
into the atmosphere (Pilarski et al. 2016; Kelley and
Walker 2000). This further results in defibrillation, fi-
brillation, and cutting of the fibers, thus causes the
accessibility of the microorganisms to cellulose and
hemicelluloses, which increases the methane production
(Karunanithy and Muthukumarappan 2011; Maurya
et al. 2015). Hjorth et al. (2011) studied the effect of
extrusion of agro-wastes and found 18-70% increase in
the methane production for different agro-wastes. Chen
etal. (2014) studied the impact of extrusion of rice straw
on methane production during AD process and found
72% increase in the methane yield than untreated rice
straw, which further showed shorter retention period and
higher cellulose and hemicellulose degradation efficien-
cies. Apart from the few existing studies on the impact
of extrusion pretreatment on biogas production, there
are several studies on extrusion in which the effect of
extrusion pretreatment on reducing the bacterial patho-
gen was mostly studied (Bianchini et al. 2012; Okelo
et al. 2008; Kelley and Walker 2000). Further, the im-
pact of extrusion pretreatment for increasing the
bioethanol production from lignocellulosic biomass
was also studied by Liu et al. (2013) and Lin et al.
(2012). However, the existing literature information on
the impact of extrusion on the methane production from
vegetable, fruit, and flower market wastes from urban
cities is not available to the best of our knowledge.
While visualizing the existing literatures on vegetable,
fruit, and flower market wastes, the pretreatments com-
monly studied were hydrothermal treatment, alkaline
treatment, grinding, acid hydrolysis, mechanical, and
ultrasonic pretreatments (Table 1). This information re-
veals the non-existence of prior information on the
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effect of extrusion for the treatment of wastes from
wholesale vegetable, fruit, and flower market wastes.
Hence, the major objective of the present study is to
investigate the influence of extrusion on methane pro-
duction from vegetable, fruit, and flower market wastes.
Further, the experimental methane yields were modeled
by using first-order kinetic model, modified Gompertz,
and logistic models. The energy potential of the wastes
was also calculated.

2 Materials and Methods
2.1 Sample Collection

The vegetable, fruit, and flower waste samples were
collected from one of Asia’s largest horticultural market
Koyambedu wholesale market complex (KWMC) at
Koyambedu, Chennai, India. The sampling was carried
out by following standard sampling protocol by LAGA
protocol ( 2016) and Weichgrebe et al. (2017). About 50
individual waste samples of each 10 L were collected
from three to four major heaps from vegetable, fruit, and
flower markets separately. The collected waste samples
were chilled during transportation at 4 °C. Once the
waste samples were brought to the laboratory, they were
individually and immediately weighed. Then, the sam-
ples were minced using a mincer (La Mineva, A/E12-
05) and stored at 4 °C for further experimentation.

2.2 Extrusion of Wastes

The extrusion of vegetable, fruit, and flower market
wastes was carried out by a pilot scale twin-screw Bio-
Extruder by Lehmann-UMT GmbH (model: MSZ B
22¢), Germany (Lehmann 2009). The extruder has a
capacity of 200 kg/h. About 100 kg of the collected
wastes was fed into the inlet hopper of the extruder, and
the output from the extruder was collected from the
screw conveyor connected at the outlet of the extruder.
The extruder wastes were stored at 4 °C for further use,
and the wastes were characterized.

The non-extruded and extruded wastes are represent-
ed as follows: vegetable market wastes (VWs), fruit
market wastes (FRWs), flower market wastes (FLW5s),
extruded vegetable market wastes (EVWs), extruded
fruit market wastes (EFRWSs), and extruded flower mar-
ket wastes (EFLWs).
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2.3 Characterization of Waste Samples

The extruded and non-extruded wastes, VW, FRW,
FLW, EVW, EFRW, and EFLW, were characterized in
terms of dry matter (DM) and organic dry matter content
(oDM), pH, and moisture content as per APHA standard
methods (APHA 1998). The pH was measured using a
pH meter (EUTECH cyberscan pH 310 meter). Protein
and lipid estimations were done by following Bradford
(1976) and Frings and Dunn (1970), respectively, based
on the UV spectrophotometric method (UV spectropho-
tometer Shimadzu 1900). Carbohydrate estimation was
performed according to Dubois et al. (1956) and fiber
analysis by following the methods by Van Soest et al.
(1991). The hemicellulose was measured by the differ-
ences between NDF and ADF and the calculation of
nitrogen-free extract (NfE) by subtracting the oDM by
the amounts of protein, lipid, and NDF (Pokdj et al.
2018). The elemental analysis was carried out using an
elemental analyzer (EA 3000, EURO VECTOR) by
following ASTM D5373 standards (ASTM 2014).

Liang et al. (2016)

References

Methane yield after
pretreatment (mLy/g

oDM)

117.7

pretreatment (mLy/g

Methane yield before
oDM)
1.8

2.4 Batch AD Assays

The specific methane yield (SMY) of extruded and non-
extruded waste samples was conducted in triplicates in
an Automatic Bio-Methane Potential Test System
(bioprocess control, AMPTS II) by following standard
method VDI 4630 with an analysis period of 30 days
(VDI 4630 2006) (Fig. 2). The AMPTS system is pro-
vided with thermostatic water bath with 15 reactors
(where the sample is fed), CO, scrubbing unit (with 15
glass bottles), and a gas volume measuring device (flow
cell arrangements connected to the data logging sys-
tem). The substrate/inoculum ratio of 0.5 (g oDM of
substrate/g o0DM of inoculum sludge) and a temperature
of 37 °C were maintained for conducting the batch tests
by following VDI 4630 protocol. Once the reactors were
fed with the substrate and inoculum, it was immediately
sealed and flushed with nitrogen gas to maintain anaer-
obic environment at the headspace.

From AD tests, the results of SMY are presented as
mLy of methane generated per gram of oDM added
(mLy/g oDM). The inoculum was collected from an
anaerobic digester from the sewage treatment plant,
Chennai, which has pH of 7.2 and DM and oDM con-
tent of 4.1 wt% and 2.7 wt%, respectively. The pH and
ammoniacal nitrogen concentration for digestate sam-
ples from AD process were measured according to

(drying + mechanical pretreated
NaOH; BMP study at 55 °Cina 1-L
glass reactor; batch mode

Anaerobic co-digestion of floral waste
wastes) with food waste
Alkaline pretreatment of wastes using

Pretreatment/process
conditions maintained

Cellulose content was 44.31% DM,
hemicellulose 1.96% DM, lignin
content 15.24% DM; C/N ratio 29.4

Characteristics

Table 1 (continued)
Substrate

Rose stalk

*mLy/g oDM

@ Springer
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Fig. 2 Automatic Bio-Methane
Potential Test System (with reac-

tors, CO, scrubbing unit and flow d ! : .

-

cell arrangements)

APHA standard methods (APHA 1998). The ammoni-
acal nitrogen was measured using a Kjeldahl apparatus
(KEL PLUS KES 06L(VA)).The volatile fatty acid
(VFA)/alkalinity ratio for digestate samples was mea-
sured by direct titration method following Dilallo and
Albertson (1961).

2.5 Estimation of Energy Potential

The resultant SMY values of the extruded and non-
extruded wastes from the AD tests were converted into
energy potential by following Demirbas (1997) by using
the gross calorific value of methane as 39.8 MJ/m>, and
the energy potentials are expressed on dry matter basis
as MJ/kg DM.

2.6 Kinetic Modeling of SMY

Mathematical modeling of the methane production ki-
netics helps to evaluate the behavior of the substrate
within the AD reactor (Ware and Power 2017). Further,
modeling of the methane production helps to predict the
kinetic parameters therein predicting and monitoring the
performance of the AD reactor under different condi-
tions (Pramanik et al. 2019; Chala et al. 2019). While
designing full-scale systems, the results of kinetic
modeling of methane production help to design and
optimize the reactor parameters in comparison with the
obtained experimental yields (Teng et al. 2014).

The current study applied the widely used models
such as first-order kinetic model, modified Gompertz,
and logistic models for modeling the methane produc-
tion kinetics (Abudi et al. 2016; Duan et al. 2018; Li
et al. 2018). Among which, first-order kinetic model is
the simplest model and it is based on the assumption that

) "
Y TRy

hydrolysis is the rate-limiting step during AD process
and this model does not take into account the conditions
to reach maximum biological activity and digester fail-
ures (Kafle and Chen 2016). However, several re-
searchers used this model to obtain hydrolysis kinetics
using the batch BMP data (Li et al. 2018).

The modified Gompertz model is one among the
widely used models for modeling the kinetics of biogas
production (Salehiyoun et al. 2019; Abudi et al. 2016).
Gompertz model was initially developed for human
mortality data and organ growth prediction (Kafle and
Chen 2016; Gil et al. 2011). However, Gibson et al.
(1987) modified this model to describe cell density in
terms of exponential growth rate and lag phase period
during bacterial growth stage. This information about
the lag phase from this model helps to find out the
minimum time required for the bacteria to produce
biogas once it acclimatizes to the environment (Ware
and Power 2017). Further, it describes the specific
growth rate (R,,) of methanogenic bacteria, and the
higher the value of R, the higher is the rate of biogas
production (Szlachta et al. 2018).

The logistic model has also been widely used for
modeling the biogas production kinetics (Pramanik
et al. 2019; Ghatak and Mahanta 2017). This model is
based on the assumption that the methane production
rate is proportional to the amount of methane produced
(Chala et al. 2019). This model gives an estimate of lag
phase delay and maximum methane production in addi-
tion to the methane production potential of substrate
(Deepanraj et al. 2017; Ali et al. 2018).

Microsoft Excel 2010 was used to perform the first-
order kinetic model, and the kinetic parameters such as
first-order disintegration rate constant (k), statistical in-
dicator (R?), and predicted SMY (Y) were calculated.

@ Springer
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The statistical software, IBM SPSS Statistics 20, was
used for predicting the kinetic parameters of modified
Gompertz and logistic models. The equations of first-
order kinetic model (Eq. (11)), modified Gompertz (Eq.
(12)), and logistic models (Eq. (13)) used for prediction
are shown below.

Y(r) = Y(1—exp(—k.1)) (11)

Y(1) = Y.exp{—exp (Rm.%()\—t) + 1)} (12)
_ Y

S PR RTIES P S

where Y(f) = cumulative methane production (mL/g
oDM), Y ultimate methane production potential (mL/g
oDM), R,, maximum methane production rate (mL/g
oDM/day), ¢ time in day, k first-order model constant
(1/day), e exp. (1) =2.7183, and A lag phase time (day).

Table 2 Characterization of wastes

2.7 Statistical Analysis

The evaluation of the datasets was carried out by statis-
tical analyses by means of paired sample ¢ test using
IBM SPSS Statistics 20 software, and the statistical
significance (in terms of p value) was measured with a
confidence interval of 95%.

3 Results and Discussion
3.1 Waste Characterization

The extruded and non-extruded wastes were character-
ized in terms of DM, oDM, pH, moisture, protein, lipid,
carbohydrate, neutral detergent fiber (NDF), acid deter-
gent fiber (ADF), nitrogen-free extract (NfE), and ele-
mental analyses, and the results are presented in Table 2.

From Table 2, for non-extruded wastes (VW, FRW,
FLW), the oDM share of DM ranged between 87.5 and
92.6 wt% for all the three wastes and the moisture
content varied between 78.1 and 90.1 wt%. Thus, the
wastes have high moisture and volatile contents and
hence could be a potential source of feedstock for AD
(Morales-Polo et al. 2018). The pH of the wastes lies in

Parameter VW EVW FRW EFRW FLW EFLW

DM (wt%) 9.9+0.31 10.7£0.65 12.68+1.24 13.64+1.75 2191+1.16 22.44+1.52
oDM (wt%) 8.67+0.53 8.46+0.49 11.75+1.09 11.26+1.18 19.6+1.28 19.13+0.94
oDM (% DM) 87.52 79.13 92.65 82.54 89.45 85.25

Moisture (Wt%) 90.1+£0.31 89.3+0.65 87.32+£1.24 86.36+1.76 78.09+£1.16 77.56+1.52
Carbohydrate* 679.65 +6.49 618.11+4.82 696.75+6.51 615.04+6.01 592.1+£5.66 557.85+5.69
Protein* 115.4+2.33 108.87+2.20 123.24+2.38 112.64+2.49 168.1+3.40 162.32+2.08
Lipid* 52.44+£1.04 50.88 +0.86 59.34+1.19 56.44+0.74 84.03£1.10 83.04+0.95
NDF* 413.67+4.63 373.46+2.89 423.55+3.69 362.32+2.78 534.9+4.54 514.15+3.54
ADF* 267.96+2.71 257.26+2.92 162.56+2.59 146.81+3.08 276.65+3.19 268.14+2.72
HC* 145.71+6.74 116.2+£5.71 261 +£6.26 215.51+£5.41 258.26+7.73 246.01+3.80
NfE* 293.67 258.12 320.39 293.97 107.47 92.96

pH 5.52+0.02 5.344+0.03 5.27+0.02 5.01+0.03 4.64+0.03 4.55+0.04
N 2.4440.03 2.27+0.04 2.06+0.04 1.85+0.04 2440.04 2.27+0.05
C 41.35+0.72 40.1+0.74 39.69+0.49 38.05+0.33 41.7+0.53 40.59+0.54
H 8.02+0.10 7.53+0.08 8.58+0.11 8.01+0.13 9.03£0.18 8.55+0.12
(0] 48.2+0.78 50.11+0.81 49.6+0.49 52.1+£0.39 46.87+0.69 48.59+0.60
C/N 16.92+0.36 17.64+0.44 19.31+0.63 20.62+0.51 17.4+£0.08 17.91+£0.30

All the values in the table are mean value of triplicates + standard deviations (SD)

*g/kg of DM
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the acidic range of 4.6-5.5 although the optimal range
for AD is 6.8-7.2 (Cioabla et al. 2012). The carbon
content of the wastes ranged between 39.6 and
41.7 wt% (on dry basis), and the share of carbon decides
the quantity of biogas production although it has influ-
ences on other parameters such as pH, C/N ratio, and
temperature (Mulka et al. 2015). The results are compa-
rable with the literature values stating the share of car-
bon in the VW, FRW, and FLW in the range of 39.0 to
44.7 wt% (Jain et al. 2019; Sharma et al. 2017; Choy
et al. 2015).

The C/N ratio and temperature greatly affect the
degradation efficiency during AD process (Wang et al.
2014). The higher C/N ratio of wastes results in the VFA
accumulation due to the high carbon content of the
wastes whereas the lower ratio results in the ammonia
inhibition due to the high nitrogen content of the wastes.
Hence, both higher and lower C/N ratios affect the AD
process, which necessitates the waste suitability for AD
process (Mozhiarasi et al. 2019b). However, in this
study, the C/N ratio of all the three wastes lies in the
range of 16-18 still lower than the optimal range of 20—
30 reported for a stable AD process (Rabii et al. 2019;
Alvarez et al. 2010).

The carbohydrate content of the wastes (VW, FRW,
FLW) varied between 592.1 and 696.7 g/kg of DM, which
is comparable with the reported literature values in the
range of 433.7-830.0 g/kg of DM for similar wastes (Patil
and Deshmukh 2015; Morales-Polo et al. 2018; Orozco
et al. 2014). The protein content of wastes varied between
115.4 and 168.1 g/kg of DM, which is also comparable
with the reported literatures in the range of 95.3—
180.6 g/kg of DM (Angulo et al. 2012; Feumba et al.
2016; Sridevi et al. 2012). The lipid content of the wastes
is lower compared with carbohydrates and protein content
and found in the range of 52.4-84.0 g/kg of DM, which is
comparable with the literatures values reported as 33.0—
126.1 g/kg of DM (Alibardi and Cossu 2016; Feumba
et al. 2016). Hence, carbohydrate is the major macromo-
lecular organic matter that shares more than 59.2% of the
DM for all the three wastes. Further, it can be observed that
the NDF shares about 60.7% of carbohydrates for FRW
and FLW; however, its share increased to 90.3% for FLW
due to the presence of high amount of fiber (cellulose,
hemicelluloses, and lignin). It could be also seen that the
ADF (mixture of cellulose and lignin) shares about 26.7—
27.6% of DM for VW and FLW whose presence slows
down the rate of biological degradation thereby demanding
the need for effective pretreatment prior to AD. Because

ADF is one among the several parameters (such as lignin,
cellulose, and crude fat) that greatly affects the methane
production from a biomass mainly because of the presence
of hardly biodegradable organic compounds of plant cell
(Rath et al. 2013; Dandikas et al. 2014). For instance,
Herrmann et al. (2016) observed 22-37% decrease in the
methane yield while substituting maize silage with other
fiber rich biomass. Similarly, He et al. (2008) observed
65.2% degradation of ADF after alkaline pretreatment of
wastes as a result of hydrolysis of ester bond of lignin-
carbohydrate complex. Further, several authors enhanced
biological degradation of ADF by the use of white-rot
fungi or specific bacterial culture (Pokdj et al. 2018;
Lianhua et al. 2010; Jamaluddin et al. 2014). Extrusion
pretreatment also caused the devillication of fiber thereby
augmenting microbial access to the cellulose and hemicel-
lulose compounds in the biomass during AD process
(Chen et al. 2014).

From Table 2, for extruded wastes, the moisture
content of the wastes (EVW, EFRW, and EFLW) de-
creased by 0.7—1.0%, which results in an increase in the
DM content of wastes after extrusion process by 2.4—
8.0% compared with non-extruded wastes. However,
the decrease in the moisture was not found to be statis-
tically significant (p > 0.05). Similar observation of 0.5—
2.0% loss in moisture was reported by Bianchini et al.
(2012) during extrusion of carbohydrate-protein meal.
The loss in moisture after extrusion could be due to
water evaporation resulting from a sudden drop in the
pressure while the substrate leaves out of the extruder
barrel (Fallahi et al. 2013; Bianchini et al. 2012). Similar
to moisture, the oDM share of DM of EVW, EFRW, and
EFLW was decreased by 9.6%, 10.9%, and 4.7% com-
pared with VW, FRW, and FLW, respectively. This
decrease can be attributed to the losses in the specific
macromolecules such as carbohydrate, protein, and lipid
as a result of extrusion. For instance, the carbohydrate
content of extruded waste lies within 55.7-61.8% (of
DM), which is significantly lower than (p <0.05) the
non-extruded wastes whose share in DM ranged be-
tween 59.2 and 69.6%. Similar losses were observed
in protein and lipid contents in the range of 3.4-8.6% (of
DM) and 1.2-4.9% (of DM), respectively, for extruded
wastes than non-extruded wastes. In accordance with
the loss in the carbohydrate, the NDF of extruded wastes
decreased significantly (p <0.05) by 9.72%, 14.45%,
and 3.87% for EVW, EFRW, and EFLW, respectively.
Further, ADF of extruded wastes decreased significantly
by 3.99-9.69% than non-extruded wastes (p < 0.05) as a
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result of structural breakdown of the lignocelluloses as a
result of extrusion pretreatment (Kucharska et al. 2018;
Chen et al. 2014). Similarly, Chen et al. (2014) and
Pilarski et al. (2016) observed 3.1-12.0% losses in
cellulose after extrusion of wastes, and these losses
show evident that the extrusion process has positive
effect on the breakdown of lignin therein creates access
to the cellulose and hemicellulose molecules.

3.2 Specific Methane Yield from BMP Tests

The specific methane yield of extruded and non-extruded
wastes, such as VW, FRW, FLW, EVW, EFRW, and
EFLW, obtained from BMP tests are presented in Fig. 3.

The maximum SMY was attained for EFRW of
332.7 mLy/g oDM, which was significantly higher
(p <0.05) than that of FRW of 253.9 mLy/g oDM (+
31.0%). The higher SMY of fruit wastes compared with
other wastes indicates the presence of high amount of
easily bioavailable organics that have facilitated en-
hanced methane yields (Ware and Power 2016). Further,
the enhanced methane yield obtained for EFRW shows
the positive effect of extrusion on the methane produc-
tion from fruit wastes which could be the result of
enhanced hydrolysis resulting from extrusion pretreat-
ment (Wahid et al. 2015).

The SMY of VW and EVW is 235.8 mLy/g oDM and
319.6 mLn/g 0DM, respectively, thus 35.5% increase in
the methane yield as a result of extrusion. The impact of

350

300

N N

o (&)

o o
1 1

extrusion on SMY of EFLW is significantly higher
(» <0.05), compared with VW and FRW, that shows
SMY of 188.1 mLn/g 0DM, which is 42.3% higher than
non-extruded FLW that yielded SMY of 132.1 mLy/g
oDM. Thus, the increase in the SMY ranges from 31.0
to 42.3% as a result of extrusion. Several authors ob-
served similar increase in the methane yield as a result of
extrusion process. Chen et al. (2014) observed 72.2%
increase in the methane yield of rice straw during extru-
sion pretreatment while Pilarski et al. (2016) observed
35.3% increase in methane yield of maize silage straw.
Wahid et al. (2015) observed 29.0% increase in the
methane yield of straw after 28 days of AD study.
Among the extruded wastes, FLW showed higher in-
crease in the SMY of about 42.3%, which could be due
to the high DM content of the wastes compared with
VW and FRW. Thus, the increase in the DM content of
wastes is positively correlated with SMY during AD of
extruded wastes (Pilarski et al. 2016).

The SMY of non-extruded wastes obtained in the
current study is comparable with the previously reported
literatures for VW and FRW in the range of 217.8—
300.0 mLy/g oDM (Zeynali et al. 2017; Babaee and
Shayegan 2011; Maile et al. 2016; Seswoya et al. 2019).
Similarly, the SMY of FLW is higher than the reported
SMY of 81.5 mLy/g oDM for rose stalk (Liang et al.
2016). However, while comparing with the previously
reported literatures on various pretreatments, it could be
found that the pretreatment enhanced the SMY of VW

Specific Methane Yield (mLy CH,/g
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o
o
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Fig. 3 Specific methane yield of extruded and non-extruded wastes
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and FRW in the range of 232.4-326.0 mL\/g oDM
(Zeynali et al. 2017; Qiao et al. 2011; Zhang et al.
2013). This is comparable with the results obtained in
the current study as 332.7 mLy/g oDM and 319.6 mLy/
g oDM for EFRW and EVW, respectively, as a result of
extrusion pretreatment.

In addition to the increased methane yield during
extrusion, it could also be observed that the extruded
samples reached steady-state condition faster than non-
extruded samples. For instance, VW reached 95% of its
SMY in 23 days where EVW reached in 17 days. Sim-
ilarly, FLW reached 95% of produced SMY in 18 days
while EFLW yielded in 14 days. However, both FRW
and EFRW yielded 95% SMY in 17 days; still, the
differences in their SMY yields remain as 25.2% as an
impact of extrusion. Thus, all the extruded samples
finally reached a plateau in the maximum methane yield
in almost less than 20 days. The presence of less elon-
gated S-shaped curves for the non-extruded wastes
could be attributed to the short delay in the intermediate
hydrolysis unlike non-extruded samples where the uni-
form steady rise indicate that the extruded process fa-
vored enhanced hydrolysis of wastes. Hence, it is evi-
dent from the methane production profile that extrusion
not only increases the methane production but also
reduces the digestion period.

From the SMY profile (Fig. 3), it can be seen that VW
and FRW show greater fluctuations with subsequent rise
and fall in the methane production profile. In contrast,
EVW and EFRW show much steady and gradual rise in
the methane production, thereby indicating the steady
methane production during AD of extruded wastes.

3.3 Process Parameters After AD Tests

The digestate samples after AD tests were characterized
for process parameters such as pH, VFA/alkalinity ratio,

Table 3 Analysis results of digestate samples after AD process

ammoniacal nitrogen, and oDM reduction, and the re-
sults are presented in Table 3.

Among the reactor parameters, pH is one of the
important parameters that decide the reactor perfor-
mance. Because anaerobic microorganisms, in specific,
methanogens that gives the ultimate value added end
product, i.e., methane from AD process, functions ef-
fectively at a pH range of 6.5-8.0, although the optimal
lies between 7.0 and 7.2 for maximal methane yield
(Carotenuto et al. 2016). In AD reactors, the drop in
the pH is mainly due to acidic nature of the substrates or
the higher concentrations of VFA produced during the
process. At a pH value below 6.6, the metabolism of
methanogens is greatly affected whereas the higher al-
kaline pH causes the disintegration of microbial gran-
ules, both of which influence the reactor stability
(Reungsang et al. 2012). However, from Table 3, in this
study, it can be observed that the pH of both extruded
and non-extruded wastes lies within 7.0-7.2, which is
optimal for a stable AD process (Cioabla et al. 2012).

VFA/alkalinity ratio is one of the reactor parameters that
decide the AD reactor performance and the VFA/alkalinity
ratio of all the digestate samples were less than 0.4, which is
found to be in the acceptable limit for AD (Callaghan et al.
2002; Sridevi et al. 2012). The ammoniacal nitrogen con-
centration in the AD reactor also has inhibitory effect on the
methane production, and several authors observed inhibi-
tions while the concentrations in AD reactor exceed 1000—
1500 mg/L (Hegde and Trabold 2019; Chen et al. 2008).
The ammoniacal nitrogen is below the inhibitory concen-
tration in all the reactor samples containing extruded and
non-extruded wastes. These results are comparable with the
reported ammoniacal nitrogen concentration during AD of
organic fractions of MSW in the range of 97-337 mg/L (Shi
et al. 2017; El-Hadj et al. 2009; Cuetos et al. 2008).

Upon extrusion of wastes, the oDM reduction of
FRW increased significantly (p <0.05) from 60.5 to

Substrate SMY (mLy/g oDM) pH VFA/alkalinity ratio Ammoniacal nitrogen (mg/L) oDM reduction (Wt%)
\A% 235.83 + 14.47 7.26 +£0.08 0.25+0.0 156.4 £ 2.63 55.52 £ 1.18
FRW 253.97 £29.92 7.03 £0.12 0.34+0.0 112.1 £2.51 60.46 + 0.58
FLW 132.09 + 10.50 7.14 £ 0.03 0.29 £ 0.01 196.6 + 3.02 32.38 +0.48
EVW 319.59 £ 16.97 725 +£0.05 023 +0.0 144.0 +2.44 72.72 £ 1.09
EFRW 332.75 £ 20.69 7.12 £ 0.07 0.31+0.01 107.3 £2.75 76.34 + 0.61
EFLW 188.08 + 14.46 721 +0.13 0.30 £ 0.01 184.8 +2.85 43.81 £049

All the values in the table are mean value of triplicates + standard deviations (SD)
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76.3% and the oDM reduction is positively correlated
with the increase in the methane yields observed from
AD tests. The higher oDM reduction is a result of high
degree of biodegradability (Lee et al. 2019). Yu et al.
(2008) observed 12% increase in the methane produc-
tion when the biodegradability of substrate was in-
creased as a result of pretreatment prior to AD process.
Similar to EFRW, a significant increase in the oDM
reduction (p < 0.05) from 55.5 to 72.7% and from 32.4
to 43.8% was observed for EVW and EFLW,
respectively. Similarly, Novarino and Zanetti (2012)
observed a maximum of 70% oDM reduction from
AD of extruded organic fractions of MSW. The results
of increased oDM reduction, in addition to higher SMY
of extruded wastes, further confirm the soundness of the
extrusion process as a pretreatment prior to AD process.

The various factors that influence the SMY values
such as pH, VFA/alkalinity ratio, and ammoniacal ni-
trogen were found to be in the optimal limit for both the
extruded and non-extruded wastes and hence do not
impact the SMY value in this study (Fig. 3 and
Table 3). However, in addition to the above process
parameters, the waste composition also plays an inher-
ent role in influencing the SMY value. In this study,
while comparing the SMY value with the waste compo-
sition, it could be seen that the lower ADF contained
substrate showed greater SMY value (FRW, EFRW)
than the rest, which could be due to the higher rate of
biodegradability that is evident from the higher o-DM
reduction. Also, it was observed that the higher the NfE
content of waste, the higher is the SMY value obtained
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and found low for FLW due to its low NfE content since
the NfE comprises predominantly of easily degradable
compounds (sugars, starch, and pectin) thereby resulting
in faster degradation (Costa et al. 2016). Also, the higher
DM and oDM content of the wastes increased the effi-
ciency of extrusion pretreatment with an increased SMY
value of about 42.3% than non-extruded FLW.

3.4 Results of Estimation of Energy Potential of Wastes

The results of energy potential of wastes such as VW, FRW,
FLW, EVW, EFRW, and EFLW are presented (Fig. 4).

The highest energy potential of 10.9 MJ/kg DM
was obtained for EFRW, which is due to the
higher SMY of the waste as a result of extrusion.
The second and third highest energy potentials of
10.1 MJ/kg DM and 9.4 MJ/kg DM were obtained
for EVW and FRW, respectively (Fig. 4). The
energy contents of the remaining samples were
8.2, 6.4, and 4.7 MJ/kg DM for VW, EFLW, and
FLW, respectively. Thus as a result of extrusion,
the energy content of the wastes increased by
16.7%, 22.4%, and 35.7% for EFRW, EVW, and
EFLW compared with FRW, VW, and FLW, re-
spectively. The results are comparable with the
previous studies on the energy potential of vege-
table, cabbage, lettuce, fruits, MSW, and green
wastes reported in the range of 7.8-14.1 Ml/kg
DM (Hla and Roberts 2015; Mozhiarasi et al.
2019a; Alsabbagh 2019; Mahgoub et al. 2018;
Srivastava et al. 2014).

lilll

0

Flg. 4 Energy potential of extruded and non—extruded wastes
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Fig. 5 BMP profile of measured and predicted SMY of extruded and non-extruded wastes
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3.5 Results of Kinetic Modeling of Methane Production

The results of kinetic modeling of SMY, obtained from
AD tests, using first-order kinetic model, modified
Gompertz model, and logistic model for VW, FRW,
FLW, EVW, EFRW, and EFLW are presented in Table 4
and Fig. 5.

From the results of first-order kinetic model (Table 4), it
was observed that the value of first-order disintegration
constant (k) increased for all the extruded samples com-
pared with the non-extruded samples. There is a faster rate
of increase in the methane production with the increase in
the & value (Budiyono and Sumardiono 2014). Thus, the
value of & for non-extruded wastes ranged between 0.15
and 0.19 day”' whereas for extruded samples, the & value
lies between 0.21 and 0.23 dayfl, and hence, the extruded
wastes reveal faster methane production than the non-
extruded wastes.

From the results of modified Gompertz and logistic
models, it was found that the lag phase for all the wastes
lies below 1.4 days, which could be due to the presence
of soluble degradable matters and active inoculum
(Kafle and Chen 2016). The maximum methane pro-
duction rate (R,,) for non-extruded wastes varied be-
tween 10.7 and 16.6 mLy/g oDM day whereas for
extruded wastes, the R, increased to 25.0-29.0 mLy/g
oDM day, which reveals an enhancement in the rate of
methane production as a result of extrusion process.

From the methane production curves (Fig. 5), it could
be seen that the first-order kinetic model deviates during
the start of the incubation period whereas tends to coincide
with the experimental methane yield during the stationary
period. This could be because of the assumption of the
first-order kinetic model that hydrolysis is the rate-limiting
step; however, it fails often for a substrate containing low
fat content where there is a comparatively faster rate of
hydrolysis (Ware and Power 2017). In contrast, the curves
obtained from both modified Gompertz and logistic
models coincide well with the experimental methane yield
both during the incubation and stationary periods. Further
from the visualization of the SMY profile obtained from all
the three models, the more balanced SMY pattern could be
seen for extruded wastes than non-extruded wastes that
could be due to the increased rate of methane production
(Fig. 5). This shows that the extrusion as a pretreatment
increased the bioavailability of organics that accelerated
the rate of degradation (Ware and Power 2017). This can
be further visualized by the decrease in the A values for all
the extruded wastes compared with non-extruded wastes.

It was also observed that the difference between the
measured and calculated SMY values of first-order ki-
netic model, modified Gompertz, and logistic model
were 0.1-0.9%, 0—4.5%, and 0-2.8%, respectively
(Table 3). Thus, the low deviation between the calculat-
ed and measured SMY was observed for first-order
kinetic model. But R* value that represents the accuracy
in calculation of a model varied between 0.68 and 0.95
for first-order kinetic model. Hence, the first-order mod-
el does not show its accuracy in prediction. In contrast,
both modified Gompertz and logistic model exhibited
high R? value in the range of 0.96-0.99 and 0.96-0.98,
respectively. Further, the maximum methane production
rate (R,,) obtained from both modified Gompertz and
logistic model was highest for EFMW in concurrence
with the highest SMY. This further reveals the accuracy
of the prediction models used. Hence, considering both
the measured and predicted SMY and R? value, logistic
model shows its best fitness for predicting SMY from
experimental SMY than other two models used.

4 Conclusion

The impact of extrusion as a pretreatment on
methane production from wholesale vegetable,
fruit, and flower market wastes was studied. From
the results of characterization of extruded and non-
extruded wastes, minor losses in the moisture and
macromolecules were observed after extrusion pre-
treatment which evidence the occurrence of
prehydrolysis as a result of extrusion pretreatment.
This could be observed from the increase in the
SMY of extruded wastes than non-extruded wastes.
The highest SMY of 332.7 mLy/g oDM with oDM
reduction of 76.3 wt% was obtained for EFRW.
The extrusion process significantly increased
(p<0.05) the SMY of VW, FRW, and FLW by
35.5%, 31.0%, and 42.3%, respectively. Thus, ex-
trusion has more effect on the FLW compared with
VM and FRW due to the high DM content of
FLW in comparison. The increase in the SMY of
extruded wastes could be attributed to the increase
in the oDM reduction of VM, FRW, and FLW by
17.2%, 15.8%, and 11.4% using extrusion pretreat-
ment. In concurrence with SMY, the energy poten-
tial of the wastes increased by 22.4%, 16.7%, and
35.7% for VW, FRW, and FLW, respectively, with
the highest value obtained for EFRW of 10.9 MJ/
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kg DM. In addition to the increased SMY and
oDM reduction, extruded wastes reached a
steady-state condition faster than non-extruded
wastes. Thus, extrusion as a pretreatment prior to
AD could be effectively used for increasing the
methane yields from the vegetable, fruit, and flow-
er market wastes. Further, results of kinetic model-
ing of SMY showed best fit from the kinetic
yields obtained from logistic model than first-
order kinetic model and modified Gompertz model.

Taking in account the huge amount of wastes
generated from centralized wholesale markets from
urban centers and the attained SMY results as a
result of extrusion pretreatment, it can be stated
that the anaerobic treatment coupled with extrusion
pretreatment of wastes could be a viable solution
for reducing the wastes entering into the dumpsites
thereby yielding a “green fuel,” which can be used
as an alternative source of fuel. Further research
on the effect of extrusion by increasing the dry
matter content of wastes by anaerobic co-digestion
of organic wastes needs to be explored for
selecting the most efficient organic fractions suit-
able for extrusion in terms of energy and econom-
ic efficiency.
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