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Abstract

Information on the anaerobic digestion (AD) of food waste (FW) with different waste
cooking oil contents is limited in terms of the effect of the initial substrate
concentrations. In this work, batch tests were performed to evaluate the combined
effects of waste cooking oil content (33-53%) and feed/inoculum (F/1) ratios (0.5-1.2)
on biogas/methane yield, process stability parameters and organics reduction during
the FW AD. Both waste cooking oil and the inoculation ratios were found to affect
digestion parameters during the AD process start-up and the F/I ratio was the
predominant factor affecting AD after the start-up phase. The possible inhibition due
to acidification caused by volatile fatty acids accumulation, low pH values and
long-chain fatty acids was reversible. The characteristics of the final digestate
indicated a stable anaerobic system, whereas samples with F/I ratios ranging from 0.8
— 1.2 display higher propionic and valeric acid contents and high amounts of total
ammonia nitrogen and free ammonia nitrogen. Overall, F/1 ratios higher than 0.70
caused inhibition and resulted in low biogas/methane yields from the FW.
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Abbreviations

FW: Food Waste

AD: Anaerobic Digestion

F/I: Feed/Inoculum

EE: Ether Extract

VFA: Volatile Fatty Acids

LCFA: Long Chain Fatty Acids
SFA: Saturated Fatty Acids

MUFA: Monounsaturated Fatty Acids
PUFA: Polyunsaturated Fatty Acids
RT: Retention Time

TS: Total Solid

VS: Volatile Solid

AMPTS: Automatic Methane Potential Test System

TAN: Total Ammonia Nitrogen

FAN: Free Ammonia Nitrogen
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1. Introduction

Anaerobic digestion (AD) has been widely applied to reduce the volume of food
waste (FW) and to recover energy (e.g., methane) from FW. The content of waste
cooking oil in FW may vary from 1% to 5% (wet basis) (Li et al., 2016; Nie et al.,
2013) due to different eating habits, cooking methods and local cultures (Koch et al.,
2015). In addition, waste cooking oil often results in a higher biochemical methane
production than carbohydrates and protein (Angelidaki and Sanders, 2004). However,
the FW biodegradation processes can be hampered by long-chain fatty acids (LCFAS),
which are produced from waste cooking oil and can cause toxicity to microorganisms
and biomass adsorption (Chen et al., 2014).

Previous studies have reported various inhibitory concentrations of lipids, including
31-47% for chemical oxygen demand basis (Cirne et al., 2007) and 65% for volatile
solid (VS) basis (Sun et al., 2014). FW with lipid contents higher than 35% have been
shown to result in AD processes with longer lag phases and lower first-order
degradation constants (Zhang et al., 2017). Studies have also shown that the inhibition
caused by LCFAs varies depending on the type of feedstock and is more correlated
with the physical characteristics (e.g., specific surface area and size distribution) than
the biological characteristics (e.g., inoculum origin, specific acetoclastic
methanogenic activity and inoculum adaptation to lipids) of the process (Chen et al.,
2008; Hwu et al., 1996). However, these studies were often carried out using either
model lipid-rich waste (Cirne et al., 2007) or edible oil (Sun et al., 2014), which have

significantly different characteristics from those of waste cooking oil in FW. The
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waste cooking oil existed in FW is of low hygiene quality (Ren et al., 2013; Zhang et
al., 2003) and has higher triacylglycerol content (e.g., C14:0, C16:1, C16:0 and
C17:0), oleic acid (C18:1) and linoleic acid (C18:2) contents (Zhuang et al., 2013)
that are present in the intermediates generated during AD and are considered to be the
main inhibitory factors of LCFAs (Alves et al., 2009). Therefore, investigating the
influence of the waste cooking oil ratio on FW digestion performance is necessary.
An excessive amount of biomass substrate may lead to the accumulation of total
ammonia-nitrogen (TAN) and volatile fatty acids (VFA), resulting in an inhibitory
effect on the biogas yield (Fernandez et al., 2008; Zhao et al., 2017). Studies have
shown that the inhibition caused by LCFAs can be alleviated by increasing the
biomass/LCFA ratio using inoculums (Palatsi et al., 2009), and that methane
production can decrease or even stop without proper F/I ratios. Additionally, F/I ratios
have been reported to affect methane yield mainly with substrates derived from durian
shells (Zhao et al., 2017), food and green wastes (Liu et al., 2009), swine slurries
(Gonzdez-Fernadez and Garc B-Encina, 2009), wheat straws, whole crop maize,
cattle manure, grass, cellulose (Moset et al., 2015) and other organic wastes
(Boulanger et al., 2012; Dechrugsa et al., 2013; Fagbohungbe et al., 2015; Haider et
al., 2015; Pellera and Gidarakos, 2016). However, considering the potential VFA
production and the buffering capacity of the medium using ammonium, each substrate
has its own optimum feed/inoculum (F/I) ratio (Lesteur et al., 2010). Moreover,
studies examining the combined influence of waste cooking oil and F/I ratios on

process stability and biogas/methane productivity in the AD of FW are still lacking. A
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literature review of ether extract (EE) content in FW showed that EE accounts for
approximately 6-45% of the total FW in China (VS basis) (Li et al., 2016; Nie et al.,
2013). Since lipid-rich waste is more likely to result in operational problems (Chen et
al., 2008; Cirne et al., 2007; Long et al., 2012), the influence of higher waste cooking
oil ratios, specifically EE/VS feedstock ratios ranging from 33% to 53%, were
investigated in the present study (Table 1).

This paper aims to investigate the AD characteristics of FW containing different
waste cooking oil and F/I ratios. The modified Gompertz model was applied to
describe biogas production process and to determine the digestion efficiency, which
were then further evaluated to determine how and over which ranges the two ratios
affect digestion performance, process kinetics and biodegradability. From this analysis,
possible inhibitory effects were discussed, and the optimal waste cooking oil and F/I
ratios that increased methane yields were presented.

2. Materials and Methods
2.1. Substrates and inoculum
21.1. FW

FW was collected from a school canteen in Beijing, China. Impurities in the
collected FW (e.g., big bones, plastics and metals) were manually removed before the
FW was macerated into 1 — 2 mm particles. The main characteristics of the FW used
in the experiments were (average values of three determinations with standard

deviations) shown in Table 1.
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Some samples were used to extract waste cooking oil with petroleum ether
(analytically pure, boiling point: 30-60 <C) using a rotary evaporator at 60 rpm. Then
the extracted oil was used for adjusting the waste cooking oil ratio in FW, and the
ratio was characterized by the concentration of the EE in the VS of the FW (EE/VS):

Mgy X EEqy, %0+ Moy euracted %x100%
mFW xVS% + moil—extracted (1)

EE/VS =

where m, isthe mass of the initial FW, EE_, % is the percent of EE in the

initial FW sample, m 4 1S the mass of waste oil added in the FW, which was

oil—extracte
extracted from FW, and VS% is the VS content of the initial FW. Table 2 presents the
LCFA composition of the waste cooking oil in the FW.

Table 1. Characteristics of the FW and the F/I ratios.

Waste cooking oil ratios (EE/VS)

Items
33% 36% 40% 43% 46% 50% 53%

pH 4474021 4463032 4.4640.28 4464041 4454032 4454029 4444044

TS (%) 15.0140.98 15.47#.71 16.4140.63 17.0240.42 17.7640.45 18.7140.29 19.934).35

VS* (%)  14.184052 155240.82 18.0640.91 19.7140.71 21.63#0.50 23.9840.46 26.9040.49

Protein® (%) 3.5840.15  3.5640.22  3.53#0.06 2.17#0.06 2.1510.33 2.1240.17  2.0940.28

Fne 1.20 1.00 0.80 0.70 0.60 0.56 0.50

2 wet basis: °: total solid: & volatile solid: % feed to inoculum ratio

Table 2. LCFA composition of the waste cooking oil extracted from the FW (%).

Unsaturated fatty acid

SFA? Content
MUFA® Content PUFA°® Content
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Lauric acid (C12:0)

Mpyristic acid (C14:0)

Palmitic acid (C16:0)

Stearic acid (C18:0)

Arachidic acid

(C20:0)

Behenic acid (C22:0)

Lignoceric acid

(C24:0)

Total

0.05

0.88

23.37

9.25

0.43

0.06

0.15

34.19

Myristoleic acid

0.04
(C14:1)
Palmitoleic acid
1.49
(C16:1)
Oleic acid (C18:1) 33.55
Gondoic acid
1.09

(C20:1)

Erucic acid (C22:1) 0.21

Nervonic acid (C24:1) 0.10

36.48

Linoleic acid (C18:2n6)

v-Linolenic acid (C18:3n6)

a-Linolenic acid (C18:3n3)

Eicosadienoic acid (C20:2)

Arachidonic acid (C20:4n6)

Mead acid (C20:3)

Eicosapentaenoic acid

(C20:5n3)

Docosahexaenoic acid

(C22:6n3)

26.46

0.09

1.82

0.21

0.38

0.03

0.15

0.19

29.33

# SFA: Saturated Fatty Acid,;

® MUFA: Monounsaturated Fatty acid;
°PUFA: Polyunsaturated Fatty Acid.

2.1.2. Inoculum

Seed sludge was obtained as an inoculum from a steady-operation digester (37 <C)

at a wastewater treatment plant in Beijing, China. After a two-day gravity

sedimentation period, the supernatant was discarded, and the remainder was passed

through a 2-mm sieve to remove large particles/grit. The characteristics of the

inoculum are shown in Table 3.
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Table 3. Characteristics of the inoculum.

Parameter pH TS (%) VS (%) Ammonia (mg/L) CIN?

Value 7.34 3.65% 2.42% 1123 7.01

& carbon to nitrogen ratio
2.2. AD experimental setup
2.2.1. Determination of the inoculum ratios

To identify the synergistic impacts of the F/l and EE/VS ratios on FW digestion, we
focused on their interactions with inoculum ratios in digestion experiments on a VS
basis (Table. 1). All the F/I ratios as shown in Table 1 were based on a mass of VS
basis.
2.2.2. Batch digestion tests

Batch tests were conducted in 15 parallel 500-mL glass bottles at 37 <C with an
automatic methane potential test system Il (AMPTS I1) that was supplied by
Bioprocess Control (Lund, Sweden). AMPTS Il features automatic sample stirring, an
acid gas (such as CO; or H,S) removal system and a biomethane yield recording
system. The system performs fast and accurate on-line measurements of ultra-low
biogas and biomethane flow to determine the biogas potential. All the reactors were
started simultaneously and used synchronous agitation at the same speeds (160 r/min)
and intervals (60 seconds on/off).

The substrates and inoculums were placed into bottles with different F/I ratios. The
upper area of each reactor was flushed with nitrogen for at least 1 min to ensure

anaerobic conditions and was then quickly sealed. All of the reactors were placed in a
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water bath to maintain the digestion system at a mesophilic temperature (37 <C) for
AD. For each test, three samples were examined, and two digesters containing only
inocula were incubated to correct for the biogas yield from the inoculum. The biogas
yield was calculated by the VS of substrate in the bottle, including FW and waste
cooking oil added. The digestion assays were stopped when the daily biogas (or
methane) production was less than the 1% of the total accumulated biogas (or
methane).
2.2.3. Digesters with two volume types

An AMPTS Il system containing 500-mL (total volume) glass bottles (A) was used
to measure real-time methane productivity and Kinetics, whereas a system with 2-L
(total volume) glass bottles (B) was used for sample collection and detection. All of
the bottles in both systems were fed with the same samples and inoculums with
different F/I ratios (Table 1). To achieve accurate results, collecting samples at the
correct times (e.g., the inhibition stage, recovery stage and final stage) is important.
Digestion system A was started two days prior to system B to understand how the
sample collection time affected the methane yield patterns.
2.3. Kinetics study

A Kkinetics analysis can provide insights into the influences of the F/l and EE/VS
ratios on the potential behaviour of organics degradation in the digestion system, such
as the lag phase, which is an important factor in determining the AD efficiency. The
modified Gompertz model was used to describe the biogas yield potential, the lag

phase and the maximum biogas production rate:



171 M =Pxexp{-exp[R ., xex(A—t)/P+1]} )
172 where M is the cumulative biogas production (mL /g VS) at the digestion time t, P is
173  the biogas production potential (mL /g VS), Rmax is the maximum biogas production
174  rate (mL/gVSh), A isthe lagtime (h), tis the retention time (h), and e is the

175  exponential constant 2.7183.

176  2.4. Statistical analysis

177 2.4.1. Pearson correlation analysis

178 The Pearson correlation (p<0.05) was determined to describe significant

179  relationships between the above parameters, using the IBM SPSS Statistics 20

180  software (Table Al).

181  2.4.2. Second-order polynomial model analysis

182 Response surface methodology was used to describe the relationship between the
183  responses and independent variables. The functional relationships between the

184  responses (M) and the set of factors (X and Y) were described by estimating the

185  coefficients of the following second-order polynomial model based on the

186  experimental data:

187 M=M, + aX + bY + cX?+ dY?+ XY (3)
188  where M is the predicted response, My is a constant, X and Y refer to the EE/VS and
189  F/l ratios, respectively, a and b are linear coefficients, ¢ and d are quadratic

190  coefficients, and f is the interaction coefficient.

191 Additionally, the results and the coefficients of the quadratic equation were

192  analysed using ANOVA (p<0.05) via the R software 3.3.2 package.

10
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2.5. Analytical methods

The pH was measured using a pH metre (FE20, Mettler, Switzerland). The TS and
VS were determined according to the standard methods of the American Public Health
Association (APHA, 1992). VFAs were measured using an Agilent Gas
Chromatograph (Agilent GC-7890A, California, USA) equipped with a flame
ionization detector. The concentrations of protein and EE were determined with the
Kjeldahl method and a Soxhlet device, respectively (Naumann and Bassler, 1993).
The concentrations of TAN and free ammonia nitrogen (FAN) were determined as
previously reported (Siles et al., 2010). LCFAs were determined in accordance with
the method of (Palatsi et al., 2009).
3. Results and Discussion
3.1. Biogas production and methane content
3.1.1. Characteristics of biogas production and methane content

(1) Cumulative biogas yield

The biogas yield ranged from 524 to 1035 mL/g VS after 150 days of digestion,
whereas the methane percentage of the biogas varied between 67% and 75% (Fig. 1A).
Lipids had the highest biochemical methane potential of the FW contents (Angelidaki
and Sanders, 2004), therefore, FW with higher EE/VS and lower F/I ratios resulted in
higher biogas yields (p<0.05) and higher methane contents (p<0.01). The highest
yield was achieved from FW with an EE/VS ratio of 43% and an F/I ratio of 0.70 and
FW with an EE/VS ratio of 46% and a F/I ratio of 0.60, ranging from 1015 to 1035
mL/g VS. These two treatments were 8.44-93.70% higher than the other treatments.

11
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Fig. 1. Effect of EE/VS and F/I ratios on the cumulative (A") and specific (B) biogas
yield with increased retention time (RT).
" average biogas yields.

(2) Specific biogas yield rate

The degradation of the FW exhibited intense production during the first 30—40 h,
followed by broader and smaller peaks (Fig. 1B). In the sample with F/l and EE/VS
ratios of 0.7 and 43%, respectively, relatively intense methane production occurred,
with the peak value achieved within the first 12 h (8 mL/g VS h).

Two main peaks were obtained from the samples. The first peak was of shorter
duration and larger maximum height than the second peak. The occurrence of these

12



226 peaks was due to the degradation of easily degradable organics and macromolecular
227  insoluble materials (such as proteins and lipids). The different peak patterns likely
228  result from different FW organic compositions, particularly lipid ratios (EE/VS). The
229  first peak may be due to the biodegradation of carbohydrates, which are converted
230  more rapidly than lipids and proteins (Mata-Alvarez et al., 2000). The second peak
231  may be attributed to the combined degradation of proteins and lipids as well as any
232 remaining carbohydrate.

233 Table 4 summarizes the biogas yield, starting/ending times and durations of these
234  two peaks. Lower biogas/biomethane yields and pH values (ranging from 5.14 to 5.55)
235  were achieved at the end of the first stage, and the second stage was characterized by
236 higher biogas production (408-786 mL/g VS) and a longer retention time (767-1465
237  h). Biogas was mainly produced in the second stage, which accounted for 73-83% of
238 the total production, and the retention time for the second stage was 1.35-3.97 times
239  as long as that of the first stage. The lower biogas yield in the first stage was probably
240 influenced by decreased pH, which is not compatible with normal methanogens

241 growth (Zhang et al., 2014). Moreover, higher F/I and lower EE/VS ratios resulted in
242 longer retention times for the two stages, and a significant correlation between these
243  parameters (p < 0.01) was achieved, while only the F/I ratio significantly correlated
244 with the biogas yield in the second stage (Table Al). These findings are likely due to
245  both the F/l and EE/VS ratios being the main factors that affect AD start-up (first

246  stage), which is associated with the initial production of fermentative products. After
247  the start-up phase (second stage), the F/I ratios became the predominant factor

13



248  affecting the bio-transform of initial fermentation products by the acetogenic and
249  methanogenic communities.

250 Table 4. Characteristics of biogas production from the FW.

EE/VS 33% 36% 40% 43% 46% 50% 53%

F/i 1.20 1.00 0.80 0.70 0.60 0.56 0.50

1. The first stage of biogas production

Starting time (h) 0 0 0 0 0 0 0
Ending time (h) 1085 967 552 304 407 360 262
Duration (h) 1085 967 552 304 407 360 262
Biogas yield (mL/g VS) 72 44 49 145 148 129 151
Percentage in total ® (%) 13 7 9 14 15 14 16
pH at the ending time 5.48 5.55 5.14 5.24 5.47 5.46 5.55

2. The second stage of biogas production

Starting time (h) 1085 967 552 304 407 360 262
Ending time (tso) ° (h) 2550 2308 1708 1510 1222 1173 1029
Duration (h) 1465 1341 1156 1206 815 813 767
Biogas yield (mL/g VS) 408 520 419 786 765 704 686
Percentage in total * (%) 76 83 80 76 75 76 73
pH at the ending time 7.11 7.14 6.99 7.25 7.12 7.20 7.22

3. Total AD process

Vg ¢ (ML/g VS) 480 564 468 931 912 833 837

Total biogas yield (mL/g VS) 535 628 524 1035 1015 926 936

Methane content (%) 67 67 72 73 72 74 75
TBY  (mL/g VS) 1129 1130 1133 1098 1110 1128 1140
TMBY */TBY (%) 47 56 46 94 91 82 82

251 2 Ratios of the biogas yield in this stage to total biogas yield in the whole digestion process.
252 b t0: Time taken for 90% biogas production.

253 “Vgo: Volume of 90% of total biogas production (90%>total biogas production).

14
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9 Theoretical biogas yield (TBY) was calculated according to the reference (Labatut et al., 2011).

® TMBY: Total measured biogas yield.

The ratios of measured biogas yield to theoretical biogas yield varied from 47% to
94%, indicating a lower biogas conversion efficiency for higher F/I ratios. The highest
yield ratio (94%) was achieved with F/I and EE/VS ratios of 0.70 and 43%,
respectively, whereas the highest biogas yield was achieved with a methane
proportion of 73% in the biogas (Table 4). These results indicated that the F/I and
EE/VS ratios are essential factors that influence the biogas yield, methane content and
digestion time during the batch AD of FW.

3.1.2. Kinetics evaluation

Table 5 summarizes the biogas production potential (P), maximum biogas yield
rate (Rm) and lag time (1) according to a modified Gompertz model. The high
determination coefficients (R?, 0.9173-0.9822) and high P to total measured biogas
yield ratios (94-103%) for all of the runs showed that the experimental biogas

production data could be well simulated using this model.
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Table 5. Results of the kinetics parameters from the modified Gompertz model.

P Rm ) P/TMBY?® P/TBY®  a,°
EENVS  FI R?

(mL/igVsS) (mLigVsSh) (h) (%) (%) (%)

33% 120 517 0.29 872 0.9173 103 46 80
36%  1.00 615 0.79 963  0.9822 102 54 100
40%  0.80 537 0.61 561 0.9796 98 47 102
43%  0.70 1063 1.19 267 0.9644 97 97 88
46%  0.60 1075 1.46 347 0.9633 94 97 85
50%  0.56 905 2.07 430 0.9760 102 80 119
53%  0.50 953 1.52 342 0.9611 98 84 131

4 TMBY: Total measured biogas yield.
Y TBY: Theoretical biogas yield (TBY) was calculated according to the reference (Labatut et al., 2011).

“t;: Ending time of the first stage of biogas production in Table 4.

Samples with lower EE/VS (p < 0.05) and higher F/I ratios (p < 0.01) had longer
lag times, especially samples with F/I ratios higher than 0.80 (ranging from 561 to
963 h), even if the waste cooking oil content was relatively low (33-40%). These
findings may be due to diffusion limitations imposed by the lipid layer surrounding
the bacterial cells at high organic loadings, the slow degradation of lipids or the
possible inhibition of methanogenic activity by high LCFA concentration (Chen et al.,
2014; Long et al., 2012). The F/I ratio could drive the start-up phase of the anaerobic
digester, likely due to the degradation of initial hydrolysis products by the
methanogenic consortia. Additionally, decreasing F/I ratios may dilute the inhibitory

or toxic compounds produced from LCFAs, which was also confirmed by the longer

16
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duration of the first stage of biogas production (Table 4).

Samples at EE/VS and F/I ratios of 43% and 0.70, respectively, had the shortest lag
times and achieved high biogas production potential (1063 mL/g VS). Samples with
lower EE/VS and higher F/I ratios exhibited lower biogas yields and lower ratios of P
to total measured biogas yield (Table 5). These low values may be due to acidification
during the first digestion stage. Moreover, further increases in the EE/VS ratio and
decreases in the F/I ratio resulted in longer lag times and lower biogas production.
Thus, feedstock with higher EE/VS ratios (46-53%) requires lower F/I ratios than
those currently used to minimize and overcome inhibition.

The 2 values exhibited significant positive correlations (p < 0.01) with the tyo values
(Table Al), and assays with a longer A values had lower biogas yields and methane
content. Additionally, samples with high F/I ratios had significantly (p < 0.01)
decreased Ry, values (0.29-2.07 mL / (g VS h)) due to their long lag phases, whereas
the EE/VS ratios exhibited positive effects (p < 0.01). Therefore, a high F/I ratio
increases the duration of the adaptation phase. This result indicated that a good F/I
ratio (i.e., less than 0.7) is beneficial for microorganism growth and biogas production,
and high inoculum concentrations may shorten the digestion time.

In addition, higher Ry, values resulted in shorter lag phases, lower tyy values, and
higher biogas production. High methane conversion efficiency for EE compared with
carbohydrates and proteins may lead to high biogas yield rates, implying that a
relatively large EE/VS ratio is good for the AD system. The Ry, values have a positive
correlation (p < 0.05) with the P values (517-1075 mL/g VS), whereas the 4 values

17
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exhibited negative effects (p < 0.05). These relationships likely indicate that high

biogas conversion efficiency and quick adaptation to a new substrate are essential
factors for an inoculum that influence the ultimate biogas yield in the batch AD of
FW.

3.2. Characteristics of the performance parameters and possible inhibition

3.2.1. VFAs

As shown in Table 4, various durations of the first stage of biogas production were
achieved due to the differences in the EE/VS and F/I ratios. Since the VFA
concentration had a significant influence on the pH value, it is essential to study
variations of the VFA concentration and composition, especially in the first stage from
day 11 to 45 (Fig. 2).

The VFA concentration first increased continuously to a peak, and assays with
lower EE/VS and relatively higher F/I ratios presented higher peak values, indicating
a rapid build-up of VFAs. Because of their high F/I ratios, the quantities of
microorganisms were too low to degrade the initial fermentation products in the
soluble fraction of these samples. Therefore, more time was needed to decrease their
VFA concentrations, corresponding to longer lag phases. Additionally, during the first
stage of biogas production, the low pH values (ranging from 5.1 to 5.6 at the end of
the first biogas yield stage) caused by the high VFA concentrations resulted in
inhibition of the methane yield process (Table 4), indicating low biogas yields as
retention time increased until the end of the first biogas yield stage (Fig. 1A).
However, after an initial lag phase (267-963 h), the accumulated VVFA concentration
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decreased, resulting in a pH increase, which caused the biogas production process to
start again. These findings imply that the acidification caused by high VFA
concentrations and consequent low pH values in the present study are reversible. This
hypothesis was strengthened by the fact that acetogenic and methanogenic
communities are much more sensitive to low growth rates compared with
fermentative and hydrolytic populations (Niu et al., 2014).

Acetic acid and n-butyric acid are the two main components of the total VFAs,
accounting for 50-72% (Fig. 2). Samples with EE/VS ratios ranging from 33% to
40% exhibited similar tendencies in their VFA compositions, the main component of
which was n-butyric acid (varying from 30% to 60%); after day 11, the propionic and
valeric acid contents also increased. For samples with EE/VS ratios of 43-53%,
earlier increases in propionic and valeric acid were observed on day 5, and the
concentration of n-butyric acid was higher than that of valeric acid after days 25-30,
while propionic acid was higher than acetic acid for samples with EE/VS ratios of
33-40%. An accumulation of acetic, propionic and butyric acid was observed for the
samples with lower EE/VS and high F/I ratios, resulting in lower biogas yields and
pH values. An inhibition of propionic acid degradation was reported by (Raposo et al.,
2006) when the acetic acid concentration was greater than 1400 mg/L. However, the
present study revealed that biogas production was still inhibited at values lower than
600 mg/L. Additionally, during the first stage, no major variations in the biogas yield
were observed after day 3, during which time there was rapid VFA production;
notably, the concentration of propionic acid did not exceed the threshold required for
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349  methanogenic activity inhibition at 900 mg/L, as reported by (Wang et al., 2009). This
350 finding suggested that the levels of VFAs required for inhibition may depend on

351  feedstock compositions, which indicates that it is not feasible to define specific VFA
352 inhibitory levels. Thus, anaerobic digester failure may be due to different operating
353  parameters (e.g., characteristics of feedstock and inoculum).

354 However, considering the propionic acid to acetic acid ratio range, values greater
355 than 1.4 indicated impending digester failure, which may serve as a satisfactory

356 indicator for the beginning of organic overloading (Tang et al., 2008). As shown in
357  Fig. 2 (F), the ratios increased to 1.0-1.2 on day 5, and higher values and longer

358  durations were achieved for lower EE/VS and higher F/I ratios, implying low biogas
359  production. The values varied from 0.60 to 0.79 at the end of the first stage and were
360  accompanied by the start-up of biogas production. Thus, the low biogas yields in the
361 first stage after day 5 (Fig. 1) may be due to inhibition caused by higher concentration
362  of propionic acid, which is an undesirable intermediate product in the anaerobic

363  process due to its slower metabolism via methanogenesis (i.e., the low conversion rate
364  of propionic acid to acetic acid and H,/CO,) than acetate and butyrate (Zhang et al.,
365  2005). In addition, neither methane content nor biogas yield showed a significant

366  relationship with pH, but both exhibited a significant negative relationship (p < 0.01)
367  with the VFA concentration. These findings disagree with a previous research report
368  (Kawai et al., 2014) which found that the methane content demonstrated no

369  significant relationship with the VFA concentration, but had a significant positive

370 relationship with pH. This discrepancy may be due to differences in the substrate
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371  characteristics, especially for the FW with higher EE content in this study. The VFA
372 concentrations and compositions in the batch AD of FW may have been influenced by

373 asynergistic effect of the EE/VS and F/I ratios.
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3.2.2. LCFAs

The major fatty acid constituents in the samples used in this study were unsaturated
fatty acids, especially oleic acid (C18:1) and linoleic acid (C18:2), whereas palmitic
acid (C16:0) was the main saturated fatty acid (Table 2). High concentrations of waste
cooking oil in the initial substrate resulted in the high contents of these three
constituents. According to the biogas yield pattern (Fig. 1), samples with low EE/VS
and high F/I ratios had lower pH values, biogas yields and methane content, which
may be explained by microbial injury due to the inhibition of LCFAs produced from
the hydrolysis of lipids during the AD process, particularly in samples with a small
amount of inoculum (e.g., F/I ratio higher than 0.80). In addition, the LCFA inhibition
may impede the degradation of short-chain fatty acids during the hydrolysis and
acidification processes (Hanaki et al., 1981; Miron et al., 2000; Palenzuela-Rollon,
1999). The low biogas yield, low pH and high VFA concentration during the first
stage of biogas production may also be attributed to the inhibition of palmitic acid
(C16:0) produced via the p-oxidation of oleic acid (C18:1) and linoleic acid (C18:2).
The inhibitory effects of unsaturated LCFAs are more toxic than those of saturated
LCFAs (Lalman and Bagley, 2002). For example, C16:0 may create a physical barrier
on microbial cells and hinder transfer processes, thus inhibiting biogas/methane
production from propionate and butyrate (Pereira et al., 2005), especially in samples

with lower waste cooking oil contents and higher F/I ratios.
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However, without adjusting the pH values and alkalinity of the digestion system,
the pH recovered concomitantly as the VFA concentration decreased, which was
followed by an increase in biogas production in the second stage, indicating a
reversible acidification process. No significant inhibitory effect was observed when
the F/I ratios were less than 0.70, even when the EE/VS ratios increased to 50%. In
addition, LCFA inhibition was reversible and could be eliminated after the depletion
of biomass-associated LCFAs, namely, those with F/I ratios of 1.2, 1.0 and 0.8. These
results also indicated that the digestion process was affected by synergistic effects
between the inoculum ratios and the waste cooking oil content.

3.2.3. Ammonia nitrogen

Digesters with higher F/I and lower EE/VS ratios exhibited higher final TAN
concentrations (p < 0.01), which ranged from 1345 to 1759 mg/L, as well as higher
TAN concentrations corresponding to higher final VFA concentrations (p < 0.01). The
final FAN values ranged from 31.38 to 48.56 mg/L, and the highest FAN value was
achieved for samples with EE/VS and F/I ratios of 36% and 1.00, respectively (Table
6). The inhibitory thresholds of TAN and FAN have been reported to range from 1700
to 2500 mg/L and from 400 to 1000 mg/L, respectively (Stams et al., 2003). The FAN
levels were too low to inhibit the digestion process. However, it is important to note
that the TAN concentrations in digesters with F/I ratios higher than 1.0 were near the
reported inhibitory threshold. Additionally, an inhibition effect may appear for a FW
sample with an EE/VS ratio higher than the set range and an F/I ratio within a certain
range or for a FW sample with an F/I ratio higher than the set range and an EE/VS
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ratio within a certain range. Hence, in this study, the slow biogas production rate
during the first stage (Fig. 1) was mainly ascribed to the acidification caused by VFAs
and LCFAs. However, lower EE/VS (p < 0.01) and higher F/I ratios (p < 0.01) may
lead to higher final concentrations of VFAs and TAN. Thus, higher EE/VS ratios may
not necessarily lead to inhibition via the accumulation of acids (VFAs and LCFAS) or
alkalis (TAN, FAN), but lower F/I ratios may do (p < 0.01).

3.3. Digestate characteristics and relationships between process parameters

The stability of the digestion process is important for maintaining sustainable
anaerobic digester performance. Table 6 shows the characteristics of the final
digestate including the pH, VFA concentration, VS reduction, and protein and EE
reductions at the end of digestion, which indicates the stability of the AD system.

The final pH values (varying from 7.25 to 7.39) were all located in the preferred
range for methanogenic activity. As one of the most important parameters for
accurately controlling AD, the final VFA concentrations (0-0.53 mg/L) were very low
for all of the samples at the end of the experiment, especially for samples with lower
F/1 ratios and higher EE/VS ratios (p < 0.01), which is indicative of a complete
digestion process. In the samples with lower EE/VS ratios and higher F/I ratios, the
final distribution of the VFASs indicated higher concentrations of propionic and valeric
acid and TAN and FAN, implying disturbances in the acetogenesis and
methanogenesis pathways. Besides, only VFA (p <0.01) and TAN (p < 0.01) were
negatively correlated with EE/VS ratios (p < 0.01).

The F/I ratios showed a significant negative correlation (p < 0.05) with VS
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reduction (25-43%), whereas EE/VS failed to show any significant effect. These
findings indicated that the F/I ratio had an obvious influence on VS reduction. Lower
F/1 and higher EE/VS ratios were for a higher EE reduction (48 — 82%) compared
with the opposite results for protein reduction (61-63%). Previous studies reported
that higher lipid content contributed to the diffusion limitations imposed by layer
surrounding the bacterial cells, thus increasing the lag-phase time, and lipid
hydrolysis only occurred under methanogenic conditions (Miron et al., 2000) and
higher lipid content contributed to higher VFA concentrations (Li et al., 2017).
Besides, lipid hydrolysis only occurred under methanogenic conditions (Miron et al.,
2000). Therefore, it could be concluded higher reduction of protein correlated with a
higher lipid contents. Additionally, a high lag phase time (1) corresponded to
increased protein reduction and less VS reduction compared to no significant effect on
EE reduction, which was confirmed by significant positive correlations between the A
values and the VFA (p < 0.01) and TAN (p < 0.01) concentrations. These findings
suggest that a high VFA concentration during the reversible acidification process
could be conducive to protein degradation.

High R, values led to lower tgg values (p < 0.01), lower final concentrations of
VFAs and TAN (p < 0.05) and shorter AD retention times (p < 0.05) compared to
higher EE reductions (p < 0.05) and biogas yields (p < 0.05). These findings suggest
that the AD efficiency of FW is significantly influenced by the content of the waste
cooking and the inoculum quantity. Therefore, to achieve the maximum recoverable
biogas/methane yield from FW, it is necessary to provide organics with high
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471  biomethane potential by increasing the EE/VS ratio and to conserve a sufficient
472  amount of anaerobic microbes by starting the digestion assay at a very low F/I ratio.
473 These findings are applicable for the dilution of waste cooking oil in feedstocks with

474 higher inoculum amounts.
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475  Table 6. Final characteristics of the digestates from FW with different F/l and EE/VS ratios.

EE/VS 33% 36% 40% 43% 46% 50% 53%

F/ 1.20 1.00 0.80 0.70 0.60 0.56 0.50

pH 7.2840.02 7.3740.01 7.2840.02 7.39140.16 7.2630.01 7.2530.10 7.2840.01

VFA (mg/L) 0.53#0.01 0.3440.01 0.1540.01 0.3840.00 0.3140.00 0.3040.03 0.0040.00
Acetic acid (mg/L) 0.1540.00 0.1140.01 0.1140.01 0.1840.00 0.1340.00 0.1040.01 0.0040.00
Propionic acid (mg/L) 0.2940.01 0.1440.00 0.0540.00 0.0140.01 0.0040.00 0.0140.01 0.0040.00
Butyric acid (mg/L) 0.0040.00 0.0040.00 0.0040.00 0.0040.00 0.0040.00 0.1040.00 0.0040.00
Valeric acid (mg/L) 0.0840.00 0.0940.01 0.0040.00 0.0840.00 0.0840.00 0.0840.00 0.000.00

TAN (mg/L) 1759426 1665420 1567425 1446418 150147 1408+21 1345449

FAN (mg/L) 41.9446.75 48.5644.82 37.3535.90 44.1246.89 34.2149.18 31.3847.12 32.07+4.89

VS reduction (%) 25 28 42 43 42 42 39

Protein reduction (%) 63 63 62 62 62 61 61

EE reduction (%) 48 56 61 60 67 82 86
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3.4. Relationships between responses and independent variables

These findings suggested that both the substrate composition and the inoculation
ratio co-affect the digestion parameters during AD. The EE/VS and F/I ratios were
selected as independent variables, and nine corresponding parameters including
organics reduction and performance stability parameters (VS, protein and EE
reduction; methane content; too; VFA and TAN final concentrations; and Kinetic
parameters) were selected as the dependent variables. The coefficients of the
second-order polynomial models (Eg. (2)) corresponding to each dependent variable
were evaluated and are listed in Table 7. The R? values for these models ranged from
0.839 to 0.999, indicating that the data can be well explained by these models, as the
R? values are all greater than 0.75 (Naik and Setty, 2014). Additionally, in some cases,
the terms (EE/VS) x (F/1) and (EE/VS)® were removed from the final polynomial to
achieve lower p values (their coefficients were set to zero). All of the p values were
lower than 0.05, so we can concluded that the model term was significant.

For FW digestion in practice, high biogas/methane production with a short
retention time is always preferred as long as sustainable digestion is guaranteed.
Considering the relationships between the performance and kinetic parameters and the
F/l1 and EE/VS ratios, optimizing the F/I and EE/VS ratios to achieve high methane
yield and biogas production efficiency without inhibition is necessary. The results of
the second-order polynomials in terms of the F/I and EE/VS ratios in this study may
also be used as a reference for experimental batch AD of FW to predict the system
stability and to avoid inhibition (Table 7).
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Table 7. Coefficients from the regression models.

M=Mg+aEE/NVS+bF/I+c(EENS)*+d(F/1)*+e(EE/VS)<(F/I)

Item R? p

Mo a b c d e
VS

1.06 0.63 -0.67 -2.34 0.00 0.00 0.876 0.0257
reduction
Protein

0.49 0.47 0.04 -0.53 0.00 0.00 0.839 0.0379
reduction
EE

-4.82 7.22 457 0.00 -1.78 0.00 0.951 0.0065
reduction
Methane

43.58 -131.23 -41.83 98.25 9.43 66.70 0.999 0.0012
content
too (h) 11011.00 -36482.00 0.00 33364.00 0.00 0.00 0.981 0.0002
Final VFA

-36.07 118.11 8.15 -109.06 0.00 0.00 0.878 0.0251
(mg/L)
Final TAN

-259.90 4928.20 806.20 -5005.60 0.00 0.00 0.912 0.0156
(mg/L)
Rn (mL/g

-101.50 286.20 39.70 -235.30 -9.70 0.00 0.988 0.0079
VS h)
A (h) -21656.00 24042.00 22815.00 0.00 -8819.00 0.00 0.873 0.0265

In addition, some problems associated with process instability can occur when the

results from the BMP tests are applied in practice, as it is much easier to control their

digestion parameters (e.g., feedstock composition, temperature, and anaerobic
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environment) compared to pilot projects. A higher F/I ratio is always preferred due to
cost and space savings, whereas a relatively larger EE/VS ratio is good for obtaining
higher methane yield from a FW AD system. Therefore, to achieve the highest
possible biogas/methane yield, a low F/I ratio (such as 0.5 — 0.7) combined with an
ideal EE/VS ratio of slightly less than 43% is preferred.
4. Conclusions

For EE/VS ratios lower than 40%, F/I ratios higher than 0.8 resulted in reversible
acidification and possible LCFA inhibition along with lower biogas/methane yields
and a longer lag phase. To minimize the possible inhibition caused by high EE/VS
ratios during FW digestion, the F/I ratio should be lower than 0.70, which enabled the
maintenance of a high biogas conversion ratio (82—94%) with high organics reduction
and a short lag time (267-430 h). The optimum EE/VS and F/I ratios for the AD of
FW are 43% and 0.70, respectively, as they resulted in the highest biogas yield and
methane content and the largest VS reduction.
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