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Abstract
Vegetable and fruit waste (VFW) is becoming a heavy burden of municipal waste disposal
because of its huge amount, but it is a potentially valuable resource that can be developed into
high value products such as methane. Conventional anaerobic digestion processes are not
suitable for solving the problem of easy acidification of VFW. Thus, a two-stage laboratory-
scale anaerobic digestion system was assembled for waste reduction and biogas production of
VFW in the mesophilic temperatures. The biphasic system consists of a 70-L leach bed reactor
(LBR) and a 35-L continuous stirred tank reactor (CSTR). Water is sprinkled over the material
to enhance the extraction process of acidification phase. The leachate was then transferred to
the CSTR for biogas production. Batch digestion was lasted 120 h until no biogas was
produced. Leachate with a volatile fatty acid (VFA) concentration of 7.6 g/L was obtained
within 10 h. The results showed that overall 70.9% of the volatile solids (VS) was removed in
the solid-phase system. Over 90% of VFAs were reduced in the methanogenic reactor, and it
has been observed that the maximum biogas production rate was 51.26 mL/(d gVS). The
maximum methane concentration in the produced biogas was 71%.
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Introduction

The amount of vegetable and fruit waste (VFW) increased rapidly in recent years with the
structural adjustment of agriculture in China. The total amount of municipal solid wastes
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(MSWs) was over 260 million tons per year since 2014, and in some areas, the organic content
in MSW is higher than 60% due to high percentage of VFW [1–3]. In some VFW samples, the
volatile solid (VS) content is 8~18%, and the water content is 75~95% on a wet basis [4].The
high organic and water contents are the main cause of heavy odor and plenty of leachate during
the collection, transportation, and landfill [5, 6]. Although VFW could be composted aerobi-
cally after being dewatered, anaerobic digestion seems to be a more attractive method for the
treatment of VFW for energy recovery without any pretreatment [7]. Besides, the hydrolysis
residue of raw material with stabilized biosolids can be used as a soil conditioner. This
technology has been successfully applied in reducing the volume of waste that goes to
landfills, thereby decreasing methane emissions produced by decay [8, 9].

The high biodegradability of the VFW facilitates the rapid production of volatile fatty acids
(VFAs), therefore accelerating the decrease in pH, which could inhibit the methanogenic
activity [10]. An option to avoid the acidification of the system is the addition of co-
substrates with high nitrogen contents, which could result in a natural pH regulation and
constitute a source of nitrogen [9, 11–13]. Some researchers focus on optimizing the operation
conditions of the reaction, like temperature [14], different liquid and solid retention times [15],
organic loading rate [16], etc. Padma [17] study the influence of pH value on process stability,
hydrolysis, degradation degree, and methane production in two-stage anaerobic system. At
pH 6, high concentrations of organic acids were recorded whereas high amount of hydrolysate
was produced at pH 5.5.

In this paper, the performance of raw VFW base anaerobic digestion in a lab-scale two-
phase system was investigated. The aim of this study was to examine various conditions for
the optimal performance using VFW in the anaerobic systems and to evaluate the potential use
of VFW as a substrate for methane production. The variations of pH, gas production, and
VFAs in the liquid phase were detected. The performance of leach bed reactor (LBR) and
continuous stirred tank reactor (CSTR) were assessed under the most effective conditions
obtained in the batch systems to determine the feasibility of converting the VFW into biogas.

Materials and Methods

Substrate and Inoculum

The substrate used in this study was obtained from local vegetable market. A cutting mill was
employed to cut the substrate into 1–5 cm. The total solid of substrate was 9.51%, with
90.68% VS content. The C/N ratio was 26.27:1, and no nitrogen was added to the reactor.

The seed sludge as inoculum in this study was originally obtained from a swine manure
anaerobic digester and domesticated with kitchen waste for 2 months at 35 °C. Ten days before
the experiment was started, no substrate was added into the reactor to make sure that no biogas
was produced and all the organic feedstock was fully digested. Prior to use, the inoculum was
sieved to remove bone, sand, and other coarse matters by screen with aperture of 0.3 mm.

Anaerobic Reactors

The assays were conducted on batch bench-scale reactors with a 70 L LBR and a 35 L CSTR
(Fig. 1), carried out at 35 °C. The solid leach bed consisted of 0.5 cm, 1 cm ceramics particles
and 2 cm wood and bamboo blocks. The cover of the reactors comprised several separate ports
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with different functions: pH online monitoring, mechanical agitation system, temperature
control system based on recirculation of the internal hot water, biogas outlet for volume and
composition measurement, and liquid outlet for sampling. Stirring of the continuous stirred
tank was done five times per day at 20 rpm for 10 min.

Experimental Setup and Procedure

Ten kilograms substrate and 10 kg inoculum were added into the acidification reactor. The
initial pH of the first phase was 5.90 in this study. The continuous stirred tank reactor for
methane production was filled with 30-L well-acclimatized seed sludge. The headspace of the
reactor was filled with pure N2 to assure the anaerobic condition. According to the time that
liquid leached though the substrate and solid leaching bed, the experiment was divided into six
stages. The durations for the six stages are 18 h, 23 h, 33 h, 29 h, 19 h, and 19 h, respectively.
For each stage, all the leachate collected from the bottom of the reactor was added to the
second phase and the digestive juice from the methanogen phase was pumped into the first
phase via the top in the same weight of leachate. The experiment carried out until the substrate
was decomposed and no more detectable in the acidification phase.

Analytical Methods

total solid (TS) and VS were determined using standard techniques [18], and experiments were
repeated three times to average. Elementary analysis was performed by Vario EL element
analyzer (Elementar, Germany). The ammonia nitrogen and pH were determined by FC-100
ammonia analyzer (Heyi, China) and pHS-3C pH meter (Leici, China), respectively.

Fig. 1 Experimental apparatus of anaerobic digestion system. 1 Liquid injection port, 2 gas sampling port, 3
liquid distributor, 4 hot water interlayer, 5 raw material layer, 6 wood and bamboo block filter layer, 7 d = 1-cm
ceramic particle filter layer, 8 d = 0.5-cm ceramic particle filter layer, 9 leachate, 10 liquid injection port, 11
motor, 12 gas sampling port, 13 mixer
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Biogas production was measured by the LML-1 wet gas meter (Huazhi, China). The
compositions of biogas (H2, CH4 and CO2) were analyzed by gas chromatograph (Agilent
6890, USA) equipped with thermal conductivity detector (TCD) and a 2-m stainless column
packed with Porapak Q (50/80 mesh). The operational temperature at the injection port, the
column oven, and the detector were 100 °C, 70 °C, and 150 °C, respectively. Argon was used
as carrier gas at a flow rate of 30 mL/min.

Liquid sample was centrifuged for 15 min at 15,000 rpm and filtrated with 0.22-μm filter.
The concentration of VFAs (including formate, acetate, propionate, butyrate, iso-butyrate,
valerate, and iso-valerate) were analyzed using a high-performance liquid chromatograph
(Waters 2695, USA) equipped with a 30 × 8 mm Shodex Rspak KC-811 S-DVB gel column.
Phosphoric acid (0.1%) was used as carrier liquid at a flow rate of 0.7 mL/min. The operational
temperature at the injection port and detector were 40 °C.

Results and Discussion

Evolution of Biogas Production in Acidification Phase

In a two-phase anaerobic system, the four steps of biomethanation process can be separated,
with hydrolysis of feedstock and subsequent acidogenesis primarily occurring in the acidifi-
cation digester, while syntrophic acetogenesis and methanogenesis taking place mainly in the
second digester. Such separation makes it feasible to optimize acetogenesis and
methanogenesis separately from hydrolysis and acidogenesis, in terms of pH, HRT, mixing,
and loading rate [19]. Thus, the prior purpose for the first phase is to hydrolyze polymeric
feedstock and maintain VFAs in the leachate as much as possible. For the acidification reactor,
biogas production rate indicates biological activity of the microbe and reaction degree of the
acidification process.

Figure 2 shows the evolution of biogas production in acidification phase. In stage 1, biogas
production rate hardly raised at first leaching. There are two main causes for this situation.
Firstly, the structure of raw material layer showed loose and anomaly pore in morphology, so
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Fig. 2 Gas production rate in the acidification phase
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liquid in the inoculum infiltrated to the bottom of the reactor in a short time. Secondly, the
inoculum was originally obtained from a swine manure anaerobic digester for methanogenesis
with methanogens as predominant microorganisms whose biological activities were inhibited
in an acidic condition (the pH of the substrate was about 6.0) [20]. And it took time for bacteria
which were responsible for hydrolysis and acidogenesis to thrive.

In the following stages, biogas production rate exhibited basically the same trend. Once
digestive juice pumped from the second phase was transferred into the acidification reactor
from the top, the processes of hydrolysis and acidogenesis experienced an adjustment period
which prolonged as the experiment carried on. After the adjustment, the production rates all
increased to peak, 2.2, 2.9, 2.13, 1.83, and 1.13 L/h, respectively, for stages 2~6.The
compositions of gas sample taken at stage 2 were 1.32% H2, 13.05% N2, 3.73% CH4, and
77.26% CO2. In the sample taken at stage 6, no H2 had been detected and the concentration of
CH4 was 24.07%. This result indicated that the biological activity of methanogen from the
second phase was insufficiently inhibited. H2 was used to produce CH4 as raw material. As
liquid infiltrated through the substrate bed, the microenvironment was excessive of metabo-
lites, mainly VFAs, that inhibited the processes of hydrolysis and acidogenesis, so the gas
production rate decreased until new digestive juice was added.

Evolution of pH and VFAs in Acidification Phase

The value of pH, TS, VS, ammonia nitrogen, and VFAs are important indicators of the
operation state in reactors [17]. Analysis results of the inoculum used in the study for pH,
TS, VS, ammonia nitrogen, and VFAs were 7.59, 2.98%, 1.98%, 0.84 g/L, and 0.11 g/L,
respectively. Figure 3 shows the evolution of pH values in acidification phase. In stage 1, pH
dropped slightly as the liquid from inoculum infiltrated through the substrate bed quickly and
little juice separated from VFW. Typical condition for continuous hydrogen production was a
pH between 5.0 and 6.5 [21]. The pH of leachate in stage 1 was 5.81, so the leachate was
poured back to the acidification reactor from the top instead of digestive juice from methan-
ogenic reactor. The rapid pH decrease indicated more VFAs contained in the leachate and high
efficiency of hydrolysis and acidogenesis.
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Table 1 showed the concentration of VFAs in the leachate. At the beginning of the
experiment, small molecular organic acids, especially formate, were the main component
of total VFAs, 53.19% in the leachate sample taken at 23 h and 40.19% at 28 h. As the
experiment continued, there was no formate detected, while the concentration of larger
molecular organic acids gradually increase, indicating that the type of fermentation had
changed into propionic acid type fermentation, and then butyric acid type fermentation
[22]. According to the mechanism of anaerobic digestion [23], small molecular organic
acids can be used effectively in the second phase for methanogen within a short time and
the production and accumulation of propionic acid would affect anaerobic digestion
system significantly [24]. The result demonstrated that LBR was effective for maintaining
leachate which was of abundant small molecular organic acids and suitable for methane
production in the second phase. This advantage could be reflected more significantly in a
continuous experiment.

Evolution of pH, VFAs, and Gas Production in Methanogen Phase

The 25-L seed sludge as inoculum in the methanogen phase was originally obtained from a
swine manure anaerobic digester and acclimatized with kitchen waste for 2 months at
35 °C. The methanogen phase was a stable system containing high concentration of
ammonia nitrogen (0.84 g/L) and negligible VFAs (0.11 g/L). The inoculum was excessive
for leachate produced from the acidification phase, therefore could maintain a steady range
of pH value, 7.2~7.6. As shown in Fig. 4, once the leachate was added into the CSTR, pH
value reduced 0.2~0.3, then gradually increased to about 7.5, a suitable level for
methanogen.

The gas production rate observed from the methanogen reactor is shown in Fig. 5. Two
hours after the leachate pumped into the reactor, the gas production rate raised to 1.3 L/h. The
lag phase of the methanogen bacteria could hardly be observed, indicating that the leachate of
VFW from the acidification phase was suitable for methane production in the second phase.
The maximum gas production rate observed in the reactor was 2.14 L/h. The rate of the entire
experiment showed fluctuations with an average of 1.55 L/h. The composition of the biogas
was 3.25%N2, 71.73%CH4, and 23.49% CO2.

The concentration of VFAs observed from the methane reactor is shown in Table 2. The
samples were taken at the end of stages 2~6. Compared to VFAs in leachates, 77.72~98.93%
acetate was removed, while the removal rate of propionate decreased from 87.68% in stage 3

Table 1 The concentration of VFAs in the leachate

Reaction
time (h)

Formate
(mg/L)

Acetate
(mg/L)

Propionate
(mg/L)

Butyrate, iso-
butyrate (mg/L)

Valerate, iso-
valerate (mg/L)

Total VFAs
(mg/L)

23 2969.569 1515.114 792.02 187.029 119.134 5582.866
28 3050.364 2213.08 1767.877 450.215 107.395 7588.931
41 0 3066.126 3039.679 599.282 111.651 6816.738
63 0 2884.839 2589.32 445.473 248.271 6167.903
73 0 2496.191 2137.997 0 387.029 5625.159
100 0 2089.456 1602.096 532.091 400.054 4623.697
117 0 1586.694 1414.039 258.683 464.513 3723.929
134 0 695.61 1125.443 0 388.765 2209.818
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to 2.12% in stage 6. The propionate accumulation occurred and could lead to propionic
inhibition for anaerobic digestion [25, 26]. As the result of which, the removal rate of total
VFAs decreased from 91.68 to 29.41%. This means that the hydraulic retention time should be
prolonged in further studies.

Residue of VFW Analysis

As the substrates were decomposed, the structure of raw material layer became compact from
loose and anomaly pore in morphology at the beginning of the experiment, which is consistent
with observed changes in previous studies [27–29]. For the substrate particles in smaller size, it
is easier to contact with the microorganisms in the leaching solution, so the time for its
degradation and methane production can be shortened. However, the total methane production
is the same compared with the substrates in larger size [20, 30, 31]. The height of the substrate
layer became too low to be monitored in the acidification phase, and all the hydrolysis residue
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of VFW was collected and analyzed. The total solid was 12.47% with VS content of 87.12%,
and the total weight was 2.31 kg. Compared to the substrate, solid reduced significantly with
VFW solid decrement rate up to 70.91%VS.

Conclusions

The anaerobic digestion process was tested without any chemical or heat treatment of
inoculum and pH control. The major task for the acidification phase was to hydrolyze and
acidify VFWs to obtain leachate with high concentration of VFAs for methanogenesis. The
best yields in terms of VFAs production were obtained in a very short time of 10 h with a
concentration of 7.6 g/L and over 90% of VFAs reduction in the methanogenic reactor. The
methane concentration was 71.73%, and the maximum production rate was 51.26 mL/(d gVS).
The results showed that overall 70.9% of the total VS were removed in the system.

Funding This study was financially supported by GDAS’ Project of Science and Technology Development
(2017GDASC X-0705,2018GDASC,X-1009).
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