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The production of volatile fatty acids (VFAs) via anaerobic fermentation is a new technology that provides

a high-value utilization of biomass. This work used hybrid Pennisetum (HP) and fruit and vegetable waste

(FVW) as raw materials to investigate the influence of different ratios of HP to FVW on the production of

VFAs under different methanogenic inhibition conditions. It has been shown that both alkaline and

neutral conditions (using methanogenic inhibitors), could generate higher acid yields than acidic

conditions. Under initial alkaline conditions, mono-fermentation of HP and FVW could obtain maximum

VFA yields of 596 � 22 mg g�1 VS and 626 � 7 mg g�1 VS, which were higher than those obtained under

neutral conditions. In contrast, there was no remarkable difference in VFA yield between alkaline and

neutral conditions when co-fermentation of HP and FVW was carried out. The VFA yields decreased

significantly with the process of co-fermentation. The maximum VFA yields were decreased by 33.2%

and 21.9% when HP was fermented with 15% and 30% of FVW, respectively. There was a clear difference

in the composition of VFAs obtained under different initial conditions. The maximum selectivity was

achieved under alkaline conditions, where the acetate content reached more than 85%. This study brings

a theoretical basis for optimizing the anaerobic fermentation process of lignocellulose to produce VFAs.
1. Introduction

Lignocellulose is the most abundant and environmentally
sustainable hydrocarbon resource. The conversion of lignocel-
luloses derived from the straw of crops or other plants into
energy or bio-based products has aroused great interest.1,2

Anaerobic fermentation is one of the most promising technol-
ogies for the utilization of lignocellulosic biomass. It is an
effective way to generate a clean form of energy and high-value
derived products.3 Recently, besides its application for the
production of biogas, a new way for the preparation of volatile
fatty acids (VFAs), namely carboxylate platform compounds, has
been revealed as a very promising technology, suited to gain
maximum utilization of lignocellulose.4–6 VFAs are intermediate
products generated during the acid production stage of anaer-
obic fermentation. VFAs are not only important platform
compounds for food and pharmaceutical industries, using
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direct extraction of short-chain fatty acids (C2–C5),7 they are
also raw materials to produce biofuels and high value-added
chemicals.8,9 They can be used as a carbon source for biogas
production, biopolymers (PHA), biofuels precursors, chain
elongation or utilized as a carbon source for the biological
nutrient removal from wastewater.10–13 In comparison with
other technologies such as enzymatic saccharication for
ethanol production, or thermochemical process for co-
generation of carbon and gas, the technology for VFAs
production offers potential benets including high efficiency,
low energy consumption, and economic prots.14

In the past decades, the preparation of VFAs via anaerobic
fermentation has been mainly based on the use of different
organic wastes such as organic wastewater, kitchen waste, fruit
and vegetable waste (FVW) or municipal sludge, rather than on
the use of lignocellulose. Numerous efforts had been devoted to
maximize the production of VFA and regulating the operating
conditions of the anaerobic reactor.15–19 Sawatdeenarunat C.
et al. reported optimum VFAs yield of 0.1 g g�1 VS from elephant
grass with the micro-aerobic fermentation.20 Kim N.-J., et al.
used an alkali-treated reed to maximally attain VFAs yield of
0.5 g g�1 raw material.21 Ai Ping et al. studied the effect of
different pretreatments on acid fermentation from crop straw,
and found that with alkaline pretreatment, an acid yield of
0.25 g g�1 VS could be achieved.22

On the other hand, it has been proven that the anaerobic co-
fermentation has the advantages of an acid buffer system and
RSC Adv., 2020, 10, 33261–33267 | 33261
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Table 1 Experiment setup

Group
FVW percentage
(VS, %) C/N Initial pH BES (mmol l�1)

R1 0 37 6 —
11 —
�7.5 50

R2 15 32 6 —
11 —
�7.5 50

R3 30 29 6 —
11 —
�7.5 50

R4 100 19 6 —
11 —
�7.5 50
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an optimized C/N ratio of the substrate, representing signicant
progress in anaerobic fermentation technology.23,24 However,
the anaerobic co-fermentation has been chiey used to produce
methane, and seldom applied for preparing VFAs. This study
selected the energy plant-hybrid Pennisetum (HP) as the ligno-
cellulosic raw material and fruit and vegetable waste (FVW) as
the perishable raw material to investigate the impact of pH on
the VFAs production from these two materials mixed at various
ratios.

2. Material and methods
2.1 Substrate and inoculum

Pennisetum hybrid (P. americanum � P. purpureum) used in this
study was harvested from Zengcheng, Guangdong Province,
China, in November 2018. Grass samples were cut into 20 mm
and then pulverized for 1 min using a DXF-20C pulverizer. The
TS (total solid), VS (volatile solid) and C/N of grass were 14.9 �
0.4%, 12.7 � 0.3% and 37.0 � 2.3. Fruit and vegetable waste
which collected from Guangzhou Changban market were
pulverized for 1 min using a DXF-20C pulverizer aer removing
the impurity. The TS, VS and C/N of FVW were 10.4 � 0.3%, 9.4
� 0.4% and 19.3 � 0.1. The substrates were homogenized and
stored at �20 �C before use. For the inoculum, anaerobic
sludge, collected from a cow manure biogas plant in Longmen
County, Guangdong Province, was cultured in a cellulose and
cow manure fed mesophilic AD reactor. TS content, VS content
and pH of the digestate was 1.4 � 0.2%, 0.8 � 0.2% and 7.6.

2.2 Fermentation test setup

The acidogenic fermentation tests were conducted in batch
mode in 500 ml glass bottles equipped with stirrers and Tedlar
gas bags. 400 ml of inoculum and mass of substrate equivalent
to the volatile solids loading of 2 g VS per 100 ml was added to
each reactor. Deionized water was added to maintain the total
volume of 450 ml. The reactors were placed in a constant
temperature water bath and operated in the mesophilic
temperature condition (37 �C) for 15 days. The experiment setup
is shown in Table 1. Twomono-fermentation groups and two co-
fermentation groups were carried out under different condi-
tions. In order to avoid methanogenic activity, the pH in the
reactors was adjusted initially to 6 or 11 using 18% HCl or 5 M
NaOH. In the trials with neutral (unadjusted) pH, 50mmol ml�1

BrCH2CH2SO3Na (BES) was added as a specic inhibitor in each
reactor to inhibit the methanogenesis.25 During the entire
fermentation period the pH in the bottles remained uncon-
trolled. Nitrogen gas was ushed into the bottles for 1 min to
assure the anaerobic conditions. Aerwards, a 2 ml liquid
sample was collected for analysis at day 1, 2, 3, 5, 10 and 15. All
treatments were undertaken in duplicate.

2.3 Analytical methods

The contents of TS, VS, C and N were analyzed using previously
described methods26,27 and pH was determined using
a FiveEasy™ pH meter (METTLER TOLEDO, Switzerland). The
soluble chemical oxygen demand (sCOD) concentration was
33262 | RSC Adv., 2020, 10, 33261–33267
measured using a spectrophotometer (Hach DR-2800, USA) and
a Hach test kit. The sCOD was measured in the supernatant
aer ltration (0.45 mm lters). HPLC (Waters e2695) incorpo-
rating a refractive index detector was used to measure VFA
contents. The column used in this analysis was Aminex HPX-
87H (300 mm � 7.8 mm) with a mobile phase of 0.05 M
H2SO4 and a ow rate of 0.5 ml min�1 at 50 �C.

A GC-2014 gas chromatograph (Shimadzu, Japan) equipped
with a thermal conductivity detector and a Porapak Q column
was used to determine the gas composition of (CH4, CO2 and
N2). The carrier gas was Ar, and a ow rate of 20 ml min�1 was
maintained for the analysis. The injection port, column and
detector temperatures were 30 �C, 70 �C and 120 �C,
respectively.
2.4 Calculation methods

In order to assess the acidication potential of the substrates,
the VFA yield (eqn (1)) was calculated based on the total VFA
production which was considered as the sum of each individual
acid. The acidication extent (AE) (eqn (2)) was calculated as the
ratio of the cumulative VFA and nal concentration of sCOD in
the broth.28

P (mg g�1 VS) ¼ TVFA � V/VSfed (1)

AE (acidification extent, %) ¼ CODTVFA/sCOD � 100% (2)

where TVFA are the cumulative total VFA concentration (mg
l�1); V is the working volume (450 ml); VSfed is the volatile solid
of feedstock (g); the amount of VFA in eqn (2) is represented in
COD equivalents of the nal mixture (CODTVFA), where the
following coefficients for VFA conversion were used: 1.07 g
COD/g lactate, 1.07 g COD/g acetate, 1.51 g COD/g propionate,
1.81 g COD/g butyrate and 2.04 g COD/g valerate.29

The synergistic effect index (SEI)30 for a co-fermentation was
calculated as shown in eqn (3).

SEIðsynergistic effect indexÞ ¼ Pco � ðX1P1 þ X2P2Þ
X1P1 þ X2P2

(3)
This journal is © The Royal Society of Chemistry 2020
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In eqn (3), Pco represents the VFA yield of a co-digestion (mg
g�1 VS). X1 and X2 are the VS fractions of the HP and FVW in the
co-fermentation. P1 and P2 stand for the VFA yield from the
mono-fermentation of the HP and FVW (mg g�1 VS) at the same
day of co-digestion.
Fig. 1 pH changes under various methanogenesis inhibition
condition.
3. Results and discussion
3.1 pH changes and gas production in the fermentation
process

pH is a key factor affecting acid production during the
fermentation process. The production of VFAs can change the
pH of the fermentation system, which will nally inuence acid
production during fermentation.31 The pH change and biogas
production of all conditions are shown in Fig. 1 and 2. Under
neutral conditions (addition of BES), there was a strong inhi-
bition of the methanogenesis process where the production of
biogas did not take place in any of the experiments. The pH
remained above 6 in the mono-fermentation of HP, while it was
reduced to 5.5–5.7 in the co-fermentation (Fig. 1). Under acid
conditions (pHin ¼ 6), the production of methane recovered in
the co-fermentation groups R2 and R3 aer the 12th day, with
a cumulative production of 450 � 9 ml and 288 � 14 ml,
respectively, while the production of methane failed in the
mono-fermentation. In the mono-fermentation of HP, pH value
uctuated between 5.1–5.4, while in the co-fermentation it
slightly fell below 5 and gradually rose to above 6.0, when
methane production was recovered. Under alkaline conditions
(pHin ¼ 11), although the process of methanogenesis could be
inhibited at the initial stage of fermentation, the activities of
methanogens were gradually recovered due to the accumulation
of VFAs, which resulted in pH drop. The methane production
was recovered in the 5th day, reaching a cumulative production
of 1364 � 70 ml and 907 � 23 ml, in the groups R3 and R4,
respectively. In the group R2, production was recovery on the 8th

day, achieving a cumulative value of 651 � 18 ml. On the 15th

day, the pH in the mono-fermentation of HP was greater than
8.5 and the system did not recover methane production.
3.2 VFAs yield and acidication extent

The accumulation of VFAs during anaerobic fermentation is
achieved through a series of complex biochemical reactions,
including the generation and decomposition of volatile acids.

The solid organic matter is hydrolyzed to form macromo-
lecular compounds, and then VFAs through the primary
fermentative acidogenesis, syntrophic acetogenesis and homo-
acetogenesis. During these stages, microbial metabolism and
methanogens can consume some VFAs.31,32 Fig. 3 shows the
change in the concentration of acids generated from raw
materials (a table of detailed data could be found in Table S1†),
corresponding to different mixing ratios and under different
inhibition conditions of methanogenesis.

Under neutral conditions obtained with the addition of BES
addition, the concentration of VFAs gradually increased with
time. In the fermentation of FVW, the concentration of VFAs
reached its maximum on the 5th day, while in the rest, it was on
This journal is © The Royal Society of Chemistry 2020
the 15th day. The mono-fermentation of HP got the maximum
VFAs concentration of 8.66 � 0.14 g l�1, and it decreased by
13.8% and 9.2% for the groups R2 and R3, respectively, corre-
sponding to a co-fermentation. Under alkaline conditions (pHin

¼ 11.0), the concentration of VFAs gradually increased with
time in the groups R1 and R2, while in groups R3 and R4,
initially it had risen and then declined due to the recovery of
biogas production. With a mono-fermentation of HP, the
highest VFAs concentration was 10.60 � 0.39 g l�1. In compar-
ison with the mono-fermentation, the concentration of VFAs
decreased by 33.2% (R2) and 21.9% (R3), respectively, in the co-
fermentation. The decrease of VFAs concentration under alka-
line conditions was much more than under both acidic and
neutral conditions. Under acidic conditions (pHin ¼ 6.0), the
concentration of VFAs was low in all groups. The maximum
concentration of VFAs was achieved during mono-fermentation
of HP on the 10th day, and on the 5th day for the other groups.
RSC Adv., 2020, 10, 33261–33267 | 33263



Fig. 2 Daily methane production under various methanogenesis
inhibition condition.

Fig. 3 Changes of VFAs concentration under various methanogenesis
inhibition conditions.

Table 2 The maximum TVFA yield and synergistic effect index

Maximum TVFA yield
(mg g�1 VS) Time (d) SEI (%)

pHin ¼ 6 R1 289 � 9 15 —
R2 211 � 17 10 �31.5
R3 247 � 10 5 �24.6
R4 418 � 9 5 —

pHin ¼ 11 R1 597 � 22 15 —
R2 398 � 3 15 �33.7
R3 466 � 14 10 �23.0
R4 626 � 7 5 —

BES R1 487 � 8 15 —
R2 420 � 11 15 �15.1
R3 442 � 28 15 �12.0
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For the mono-fermentation of HP, the highest level was only
5.14 � 0.16 g l�1, presumably because VFAs mostly existed in
free state at pH < 5.5, which aggravated the inhibition of acid
production from the hydrolysis of cellulose and hemi-
cellulose.33,34 And the concentration of VFAs in the co-
fermentation decreased by 26.9% (R2) and 14.5% (R3).

From the above, it is concluded that the three pathways
inhibiting methanogenesis can effectively suppress methane
production in the early stage of fermentation and that the VFAs
yield from the substrate under various conditions was different.
It was shown that highest VFAs yield is reached under alkaline
conditions for mono-fermentation. And the VFAs yield of co-
fermentation had little difference under alkaline and neutral
conditions (Table 2). With the mono-fermentation of HP under
alkaline conditions, the VFAs yield (597 � 22 mg g�1 VS) was
higher than that obtained using elephant grass (107 mg g�1 VS)
using micro-aerobic way as methanogenic inhibition method,
reported by Sawatdeenarunat et al.20 Park et al.35 used BES as
a methanogenesis inhibitor to ferment alkali-treated rice straw
and obtained a VFAs yield of 350 mg g�1 VS, lower than the
results of our study. The mono-fermentation of FVW also
produced the highest VFAs yield (626 � 7 mg g�1 VS) under
alkaline conditions. The alkaline pH could improve the hydro-
lysis of organic matter and provided substrates for the acido-
genic microorganisms for the production of the VFAs.36 On the
other hand VFAs mostly existed in ionic state under alkaline
conditions, which has less toxic effect on microorganism.
33264 | RSC Adv., 2020, 10, 33261–33267
To investigate the impact of co-fermentation on VFAs yield,
the synergy factor (SEI) of co-fermentation with maximum VFAs
yield was calculated. Table 2 shows that the values of SEI
R4 540 � 6 5 —

This journal is © The Royal Society of Chemistry 2020



Fig. 5 VFAs composition of different tests at various initial conditions.
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corresponding to a co-fermentation under various inhibition
conditions were minus, indicating that there is no synergistic
effect, but instead an antagonistic interaction. Because of
hydrolysis, and VFAs yield rates of FVW were faster than HP, it
was able to accelerate a pH drop and affect the accumulation
rate of VFAs when the co-fermentation carried out. Although the
co-fermentation could not improve the yield of VFAs, time could
be shortened to reach the maximum VFAs yield under alkaline
and acidic conditions. Particularly, under alkaline conditions,
when the amount of FVW (VS) was 30%, the VFAs yield could
reach 466 � 14 mg g�1 VS within 10 days of fermentation.

To nd out the cause of this different production of acids in
each experimental group, the soluble organic matter (sCOD)
and acidication extent (AE) at the maximum VFAs yield were
calculated (Fig. 4). AE is the ratio that best expresses the degree
conversion of sCOD into VFAs in the fermentation broth.37 Fig. 4
shows that the sCOD was much higher under alkaline and
neutral conditions than under acidic conditions. It was 1.4–1.6
times greater under alkaline conditions, than under acidic
conditions. This means that there was a drop in pH to a low
value with VFAs production under acidic conditions, thus
inhibiting the hydrolysis of the substrate to reduce VFAs
productivity. For mono-fermentation of HP, the sCOD was
13.8% higher under alkaline conditions than under neutral
conditions. It indicates that alkaline conditions are helpful to
improve the hydrolysis of organic materials such as lignocel-
lulose and the availability of substances for acidogens.

The AE of all experimental groups were the lowest under
acidic conditions and highest under neutral conditions. The AE
of all groups under neutral conditions were 86% (R1), 88% (R2),
89% (R3) and 92% (R4). In comparison with neutral conditions,
the AE of each experimental group decreased under alkaline
conditions. The AE of mono-fermentation of HP decreased to
80%, and it declined to 79% (R2) and 74% (R3), respectively, in
co-fermentation. It means although alkaline conditions
conducive to the hydrolysis of lignocellulosic materials, it
reduced the activity of acidogens which exhibit maximum
activity at pH 5.5–6.5. In the mono-fermentation of HP, the
alkaline conditions have proved to be more benecial for the
hydrolysis of substrate, while the neutral conditions could
further facilitate the conversion of soluble organic matter to
Fig. 4 Acidification extent and soluble COD under various inhibition co

This journal is © The Royal Society of Chemistry 2020
volatile acids. In addition, from the above conclusions, the
main reasons for the decrease in VFAs yield of co-fermentation
vs. mono-fermentation of HP were various for the different
conditions assayed. For acidic conditions, lower pH caused
weak hydrolysis capacity (sCOD) and acidication capacity (AE)
for reducing acid productivity. In alkaline conditions, the
recovery of methane production and the consumption of a large
amount of sCOD were the main causes. Under neutral condi-
tions, weak hydrolysis capacity led to a decrease in acid
productivity.
3.3 Composition of VFAs

The composition of VFAs at maximum VFAs yield is shown in
Fig. 5. The composition varied for different inhibition conditions
of methanogenesis. Under acidic conditions, the mono-
fermentation of FVW could obtain 84.6% lactic acid as the
main metabolite. In the case of FVW, the pH dropped below 4 on
the rst day where the most likely metabolic pathway is lactic
fermentation.38 In other experimental groups, the main metab-
olite was acetic acid with contents of 59.4% (R1), 55.2% (R2) and
52.7% (R3). The contents of propionic acid (18.2%) and butyric
acid (17.8%) were similar in the mono-fermentation of HP. And
the content of butyric acid rose with the increase of FVW ratio,
reaching 33.5% (R2) and 40.1% (R3), while the content of pro-
pionic acid was reduced to below 10% in the co-fermentation
group. Under alkaline conditions, the main metabolite was
nditions.

RSC Adv., 2020, 10, 33261–33267 | 33265
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acetic acid which accounted for 86.0% to 93.8% of the total VFAs,
while the contents of propionic acid and butyric acid were below
10.0%. There was no evidence for an impact of co-fermentation
on metabolites. Jankowska et al. also found that alkaline condi-
tions could promote a proportion of acetic acid by more than two
times, in the case of the fermentation of sludge for acid
production.39 Dahiya et al. reported that an improvement of
alkaline conditions on the acetic acid content might be related to
a phosphoroclastic reaction.40 But Omprakash Sarkar et al. found
that a proportion of acetic acid only reached 60% when set initial
pH as 10 and food waste as substrate.41 This difference may due
to inoculum which could inuence the microbiomes during
fermentation. When BES was added, the composition of VFAs in
each experimental group covered almost all types of acids. Acetic
acid, propionic acid, and butyric acid remained as the main
metabolites. The acetate content was more than 45% in all tests,
while the propionate content from the mono-fermentation of HP
reached 23.1% and the butyric acid contents of other groups
attained about 30%. And the composition of VFAs from co-
fermentation was closer to that from the mono-fermentation of
FVW. All of this would indicate that the different methods for the
inhibition of methanogens had a greater impact on the compo-
sition of VFAs, and could also be used as a technology for
selective acid production.

4. Conclusions

In this study, the inuence of different ratios of HP to FVW on
the production of VFAs was investigated under different meth-
anogenic inhibition conditions. All methanogenesis inhibition
methods used in this study can effectively inhibit methane
generation in the early stage of fermentation. And VFAs can also
be effectively accumulated, although the characteristics of VFAs
production are different. The initial alkaline condition was
favourable for VFAs generation from mono-fermentation of HP
due to the enhanced hydrolysis. Co-fermentation with FVW can
easily recover methane production under alkaline conditions,
which leads to little difference in VFAs yield from neutral
conditions. Although the VFAs yield of the co-fermentation is
signicantly decreased under all conditions, it can shorten the
time to reach the maximum VFAs yield under alkaline and
acidic conditions. Besides that, different initial conditions also
have a greater impact on the composition of VFAs. The initial
alkaline condition has better selectivity for acetate production.
Better understanding of the impact of methanogenic inhibition
conditions and co-fermentation on acidogenesis yields helps to
develop industrially feasible volatile fatty acids production from
different biomass streams.
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