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ARTICLE INFO ABSTRACT

Article history:

The horizontal flow anaerobic digester indicated that high ammonia (2923 mg/L) and SO4%~ (3653 mg/L)
would influence the performance of methane production with food waste as substrates. Therefore, bottle
anaerobic digestion reactors were carried out to investigate the effect of ammonia/sulfate concentrations
on the methane production. Experimental results manifested that the anaerobic digesters with an am-
monia concentration of 3500 mg/L or sulfate of 1600 mg/L showed the best performance of methane
production, with an average methane yield of 0.32 and 0.33 L (g VS)~! d-!, respectively. Specifically, a
higher ammonia (6500 mg/L) or sulfate (1600-3500 mg/L) level hindered the bioconversion of C from
liquid to gas phase (2.68% or 1.73% CH,4-Gas, respectively), while insignificantly for the hydrolyzation of C
and N from solid to liquid phase. Similar to sulfate, high ammonia nitrogen seriously inhibited the metha-
nation process, leading to a significant carbon accumulation in the anaerobic reactor, especially for pro-
pionic acid. The predominant archaea Methanosarcina at genus level indicated that aceticlastic methano-
genesis was the major methanogenic pathway. Meanwhile, high ammonia level suppressed the activity
of Methanosarcina, while modest sulfate improved H,-consuming methanogens activity. A large fraction
of unclassified bacteria within the Firmicutes (43.78%-63.17%) and Bacteroidetes (24.20%-33.30%) phylum
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played an important role in substrates hydrolysis.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the continuous urbanization and the improvement of the
living standards of China, the solid waste generation has been re-
ported with an unprecedented increase in recent years [1]. Gen-
erally, organic solid waste occupies approximate 50% of the bulk
municipal solid waste, in which the food waste, as a major com-
ponent of the organic solid waste, contributes as high as 30% of
the municipal solid waste in China [2,3]. Improper treatment of
the food waste may potentially cause serious environmental pol-
lutions such as soil and underground water pollution [3]. Tremen-
dous approaches, such as direct feeding to pigs, composting, land-
filling, etc., have been widely applied for the food waste treatment
[4,5]. However, some serious environmental issues, high disposal
cost and huge demanding of the land space seriously restricted
their application [6]. Therefore, there is a pressing need to explore
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alternative methods of food waste for resourceful and security pro-
cessing.

Anaerobic digestion (AD), an environment-friendly technology,
has recently been developed to treat organic waste due to its en-
vironmental benefits, such as renewable energy production, soil
fertilizer generation and small land requirements [7,8]. However,
the AD systems always suffer from instable operation during the
high solid waste treatment with the total solid (TS) concentration>
15%, especially for food waste with high proteins [9]. Additionally,
the recent work of Serna-Maza et al. [10] stated that the abun-
dant existence of protein with the food waste would negatively
lead to a huge releasing of the ammonia nitrogen (NH4"-N) dur-
ing its degradation, and undoubtedly high levels of ammonia will
restrain the AD process and influence the performance of gas pro-
duction. Many approaches including air stripping, bioaugmentation
and ammonia-binding have been proposed to counteract ammonia
inhibition in AD process [9,11]. However, high operational cost and
technical challenges associated with these approaches further hin-
der their full-scale practical application [12].
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Tremendous researches have been focused on the clarifying the
threshold values of ammonia inhibition with different substrates.
For example, Poirier et al. [13] found that an ammonia concentra-
tion of 19 g/L would suppress the AD of biowaste, while 800-1400
mg/L ammonia in swine slurry would inhibit the methane (CHy)
production [14]. It was also reported that AD of food waste would
be severely inhibited by free ammonia (FAN) at 300 mg/L [9]. How-
ever, few studies have reported the time and concentrations of am-
monia inhibition occurrence in the horizontal flow anaerobic di-
gester or investigated the inhibition mechanism based on real con-
centrations. Besides ammonia, sulfate (SO42~) has been regarded
as another main limited factor influencing the gas production in
AD process, despite the sulfur accounts only 0.2%-0.6% of the total
mass of the food waste [15]. Sulfate reducing bacteria (SRB) in AD
system take precedence in using carbon for electron donors than
methanogenic archaea, thus SRB can compete with syntrophic bac-
teriam for propionate, butyrate and other short-chain volatile fatty
acids [16]. Additionally, hydrogen sulfide (H,S) produced from SRB
can also restrain methanogens [17]. Therefore, understanding the
negative effect of sulfate onto the anaerobic digester is essential
for enhancing the performance of AD systems.

Investigation of the transformation of elements of N and C in
different operation phases of AD systems not only can clarify the
degradation characteristics of the different pollutants, but also can
improve the performance of AD systems from the view of elemen-
tal cycles. Li et al. [18] found that conversion efficiency of C and
nutrient in liquid/solid stream of swine manure substrate, during
anaerobic digestion, were higher than that using cattle manure and
straws. Alcantara et al. [19] quantified the mass balance of C, N and
P in the integrated process of microalgae cultivation coupled with
AD to achieve stable operation and reused organics and nutrients
in supernatants/residues according to the specific distribution of C
and N. However, seldom works have been reported the distribution
of C and N in AD process under the condition of ammonia/sulfate
inhibition, which will provide new sights into an improved under-
standing of AD with food waste substrates.

The main objectives of this work were to: (1) Evaluate the
methane productivity of horizontal flow anaerobic digester, using
food waste as substrates, and determine the time and concentra-
tions of inhibition occurrence; (2) explore the inhibition mecha-
nisms of ammonia/sulfate in AD systems from the perspective of
C and N transformation; and (3) investigate the microbial commu-
nity distribution trend under different ammonia/sulfate conditions
for further understanding the inhibition mechanism.

The schematic diagram of horizontal flow anaerobic digester
was made from polymethyl methacrylate. The concrete design
was described in Text S1 (Supporting information). Bottle anaer-
obic digestion reactors were conducted using anaerobic digestion
methanogenic potential measurement systems (MC-BMP-II). The
system was mainly consisted of three parts: water bath, detector
and 500-mL flasks. First, 200 mL substrates of food waste were
added into flaks, and sealed with lids, which connected with the
detector via pipes and special line. Then, those digesters were
placed in the bath water under a constant temperature of 37 +
1 °C. And the detector would record the accumulative methane
production and rate every minute.

Artificial food waste, main ingredients similar to the food waste
in China, were prepared and applied as the substrates of the AD
reactors according to Rajagopal et al. (Table S1 in Supporting infor-
mation) [20]. Specifically, those configurated food were crushed an
average diameter of 3 mm using a vegetable grinder before feed-
ing. The inoculated sludge with the values of TS (3.14%), volatile
solid (VS, 2.43%) and pH (7.24) in the horizontal flow anaerobic
digestion reactor was taken from Dalian Dongtai Xiajiahe sludge
treatment plant. The inoculated sludge (TS = 14.42%, VS=7.51%, pH
7.92) of the bottle systems was taken from the horizontal flow
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anaerobic digester. To consume the internal organic matter, all col-
lected sludge was placed in the laboratory at room temperature
under anaerobic environment for 3 days (d). The other parameters
of inoculative sludge were listed in Table S2 (Supporting informa-
tion).

The horizontal flow digester was operated under a semi-
continuous mode, with an organic loading was 5.87 kg VS m~3
d-1. The daily feeding/discharge food waste was about 220 g, and
50 mL samples were taken every 2 d to determine the common pa-
rameters (Text S2 in Supporting information). Bottle anaerobic di-
gestion tests were designed and operated under four different am-
monia nitrogen (NH4"-N) (2000, 3500, 4500 and 6500 mg/L) and
five sulfate (400, 800, 1200, 1600 and 3500 mg/L) concentrations,
based on the results of horizontal flow anaerobic digester. The dif-
ferent reactors, with varied NH4"-N concentrations, were defined
as TAN2000, TAN3500, TAN4500 and TAN6500. Similarly, the AD
systems with different SO42~ concentrations were labeled as S1 to
S5 correspondingly. Semi-continuous operation was applied for the
anaerobic systems, with the daily feeding/discharged substrates of
8.3 g via the pipes. The TS of all reactors was kept under a con-
stant value of 15%. All the AD reactors were continuously operated
for 60 d, with an average organic loading of 8.85 kg VS m=3 d-1.
The samples were taken and measured every two days.

The volume of CH, was measured by the drainage method,
and then, the contents of collected CH4 were determined by the
gas detectors (MS600 CH,4 detector) every day. Digestate sludge
(25 mL) obtained from the reactors were separately centrifuged
at 10000 r/min for 20 min. The collected supernatants were fil-
tered using 0.45 ptm membrane and stored at 4 °C. Chemical oxy-
gen demand (COD), soluble COD (SCOD) and total ammonium ni-
trogen (TAN) within the supernatants were analyzed according to
the APHA Standard Method [21]. SO42~ concentrations were mea-
sured using ion chromatography (Integrion HPIC). The protein con-
tent was detected via the Lowry method, whereas volatile fatty
acids (VFAs) were measured by gas chromatography (Agilent 6890).
The total alkalinity (TA) was conducted with total alkalinity Kkits.
The pH value was determined by a pH meter. Specially, FAN was
calculated according to the study of Peng et al. [9]. Additionally,
methane, acetic acid, propionic acid, butyric acid and pentyl acid
were expressed as the quality of COD, and calculated in Text S3
(Supporting information).

In this study, the biomass within the AD systems of the hori-
zontal flow digester, TAN2000, TAN3500, TAN6500 and S1-S4 were
selected for a purpose of microbial community analyzing. The
methods of extraction and analysis were conducted based on the
study of Peng et al. [9] in Text S4 (Supporting information).

Fig. S1 (Supporting information) shows the variations of param-
eters in the horizontal flow digester during the whole running pe-
riod. From 0 d to 18 d, the maximum methane production was ob-
served on 2™ day with 6.86 L, and then sharply decreased to O L.
Meanwhile, the TAN concentration waved obviously with the max-
imum concentrations of 2373.95 mg/L, which was mainly caused
by the bioconversion of protein existing in food waste into amnio
acids and then ammonia [22].

Rajagopal et al. [23] have reported that ammonia inhibition
might happen as a result of TAN levels up to 1500-7000 mg/L.
Combined the methane production, the horizontal flow digester
was considered to suffer from ammonia inhibition as evidenced
by its high TAN concentration. To overcome ammonia inhibition,
biochar was added into the digester from 18 d to 36 d due to
its diverse physicochemical characteristics, which have been con-
firmed to effectively adsorb inhibitor, and relieve acidification [24].
Obviously, the addition of biochar sharply decreased TAN (1993.15
mg/L) and total VFA (TVFA, 675.48 mg/L) concentrations due to the
strong adsorption of biochar. However, the TAN concentration was
still higher than the threshold of ammonia concentration related to
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Fig. 1. Methane production (a, ¢) and variations of methane production yield (b, d) of anaerobic digestion reactors under different ammonia/sulfate concentrations.

ammonia inhibition [23], which caused methane production close
to 0 L.

According the previous work of Karlsson and Ejlertsson [25], to-
tally 6 mL of HCl (5 mol/L) was added into the horizontal flow
digester, during the operational periods of 36-54 d, to shift the
NH4*/NHj5 ratio of the digester. With the addition of HCIl, the TAN
concentration showed an obvious declined trend, and the concen-
trations (944.21 mg/L) was in the acceptable range for AD as re-
ported in previous studies [23,26]. The result indicated the addi-
tion of HCl promoted the ionization equilibrium between NH4"
and NHs, which further alleviated ammonia inhibition. Karlsson
and Ejlertsson [25] found that the HCI addition decreased the ac-
etate, propionate, isovalerate and other fatty acids, promoted the
balance between acidogenesis and methanogenesis. The relatively
stable TVFA concentration in Fig. S1 during this period suggested
that the dynamic balance between acids formation and consump-
tion has been reached. Nevertheless, the collected methane was
not improved with the addition of HCl, implying that ammonia in-
hibition was not the main factor in this period.

Based on the study of Park et al. [27], dilution of feeding
streams was applied to adjust TS from 21.7% to 14.1%, which suc-
cessfully run the digester. The methane production increased ob-
viously with maximum volume of 21.69 L. However, the methane
production displayed a large fluctuation trend, accompanying with
the big waves of TAN, TVFA and SO42~ concentrations. On 80th
day, the SO42~ concentration reached 3653.8 mg/L, while the
methane production was only 9.94 L. With the reduction of SO42-,
the methane production gradually increased. Additionally, the TAN
concentration changed fiercely, which seriously influenced the
methane production. Hence, there is a pressing need to explore the
inhibition mechanism based on the results of the horizontal flow
digester.

To further investigate the inhibition mechanism, the bottle di-
gesters under different ammonia/sulfate concentrations were con-
ducted, and the methane production and yields are shown in Fig. 1.
Specifically, the TAN3500 system exhibited a relative higher sub-
strates degradation rate, as well as the highest methane volume
of 25.74 L (average methane yield 0.32 L (g VS)~! d~! among the
four tests. A similar biogas production trend has been also ob-
served for the TAN2000 and TAN4500 reactors, with an accumu-

lative methane production of 20.96 L and 18.61 L (corresponding
to methane yield were 0.23 and 0.22 L (g VS)~! d-1, respectively.
However, the results were much lower than the previous study,
of which the methane production was 0.35-0.45 L (g VS)~! d-!
with FW as substrates [5], which might result from the opera-
tional parameter. Notably, the pH value of the four different re-
actors changed slightly with a range of 7.8-8.2 (Fig. S2 in Support-
ing information), owing to high alkalinity caused by the abundant
existence of NH4*-N, which was benefited for the biogas produc-
tion and the operation of AD systems [11]. However, the further in-
crease of the TAN (6500 mg/L) caused progressively lower methane
production, which could be proven by the complete inhibition of
biogas production with volume of 8.23 L, declining 68.03% as com-
pared to the TAN3500. The inhibition value was much higher than
the previous study [13,14], which reported that the inhibitory con-
centration values were 19.0 g/L in AD of biowaste and 1400 mg/L
of swine slurry. The big discrepancy suggested that different sub-
strates and operational parameters would significantly affect the
performance of AD. Additionally, the fluctuated CH, production
yields as well as the lower TVFA and alkalinity (TA) ratio (TVFA/TA
< 0.4) (Fig. S2) [28] in TAN3500 and TAN4500 implied that an un-
stable operation occurred in the latter period (Text S5 in Support-
ing information).

Methane productivity of the AD reactors under different initial
concentrations of sulfate are listed in Figs. 1c and d. Generally, the
S2, S3 and S4 reactors, performed similarly and exhibited a sta-
ble increasing of methane production during the whole operation,
with a final CH4 volume of 26.15 L, 27.50 L and 30.05 L, respec-
tively. By contrast, a relatively lower methane production of 8.67 L
was observed for S5, indicating that a high sulfate existence inhib-
ited the AD process. The S2, S3 and S4 reactors displayed higher
methane yield of 0.29, 0.31 and 0.33 L (g VS)~! d~! during the
whole digestion, 37.38%, 29.06% and 41.00% higher than that of S1
reactors, suggesting that a significant promotion of methane pro-
duction could be achieved via sulfate concentration increasing in a
certain degree. Thus, we can speculate that the methanogens and
SRB within the digesters exhibited a good synergistic relationship
for methane production under a sulfate concentration of 800-1600
mg/L. Those bacteria would be inclined to generate the volatile
fatty acids (VFAs) via fermentation to adapt environment, whereas
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Fig. 2. (a-d) Changes of VFAs concentration during the whole 60 d digestion under different concentrations of ammonia nitrogen additive in food waste.

an opposite trend of SRB (kept high alkalinity status of the reac-
tors) via activity increasing of the monovalent cation/proton an-
tiporters for capture protons (constant alkaline pH value in Fig. S2),
might be the main reason for the enhancement of the biogas gen-
eration [29].

However, with the continuous increasing of sulfate concentra-
tions, the competition between methanogens and SRB in carbon
source led to a low volatile acid consumption and proton captur-
ing, ultimately an unstable operation of AD reactors [16]. Addition-
ally, H,S produced from SRB also exhibited a significant inhibitory
effect on methanogenic species, which hindered the methane gen-
eration process [17]. Furthermore, the TVFA/TA value of the S5 re-
actors was greater than 0.4 (Fig. S2) since the 10™ day digestion,
clarifying that the lowest CH4 production in S5 was attributed to
the unstable running.

Concentration distribution of VFAs, the main substrates for
methanogens [30], under different ammonia concentrations are
listed in Fig. 2. Briefly, the TVFA concentrations of TAN2000 and
TAN3500 systems fluctuated slightly during the initial 42 d opera-
tion, indicating that these systems were under a dynamic balance
among the hydrolysis, acidification and methanation. Interestingly,
the TVFA kept in a low level in TAN2000 system, revealing that the
low CH,4 productivity was mainly caused by inefficient hydrolyza-
tion [5]. By contrast, the VFAs increased sharply in TAN3500, as ev-
idenced by a relatively higher VFAs concentration of 6727.28 mg/L
after 53 d digestion, suggesting that the methanation was inhib-
ited under such ammonia condition. The accumulation of propionic
acid, which could not be utilized directly by methanogens [30] in
TVFAs (76.61%) demonstrated that the slow conversion of propionic
acid to acetic acid might be responsible for the inhibition. Concen-
tration of the TVFAs in TAN4500 and TAN6500 systems reached its
maximum value after 26 d continuous digestion, and then a large
amount of TVFAs accumulated due to the insufficient utilization.

During the subsequential 41-60 d digestion, a relatively higher
TVFAs values of 11880 and 15572 mg/L were observed in the
TAN2000 and TAN3500 systems. Yang et al. [30] reported that
the inhibition would occur once the bulk concentration of VFAs
reached 4000 mg/L in the anaerobic digesters. Hence, the obvious
accumulation of TVFAs accompanied with the increase of propionic
acid, manifested the slow degradation of propionic acid was the
limiting factor for AD process, similar to the observation of Hussain

and Dubey [31]. Moreover, the concentration of the butyric and va-
leric acids was quite low during the whole operational periods, re-
gardless of TAN2000 and TAN3500, implying that these acids could
be rapidly consumed during the digestion process, consistent with
the report of Li et al. [32]. Peng et al. [9] reported that accumulated
acetate caused feedback inhibition at the acetogenesis stage, which
led to considerable accumulation of propionate, valerate, and other
long-chain fatty acids. The similar phenomenon in TAN6500 fur-
ther indicated the complete inhibition of ammonia would occur
once the concentration of ammonia reached 6500 mg/L.

For the anaerobic digesters with different sulfate additive, the
generation and accumulation trend of the TVFAs were shown in
Fig. S3 (Supporting information). Insufficient organics supplying
caused the low CH,4 productivity in S1 reactors, accompanying with
low VFAs accumulation. Inversely, the AD process of S5 was in-
hibited at the beginning of the digestion, as evidenced by huge
amount of TVFAs accumulation, indicating that high sulfate would
affect the methanation process. Li et al. [32] revealed that the
acetic acid was the primary factor for acid inhibition during the
food waste degradation. The similar phenomenon with the higher
acetic acid (above 5000 mg/L) in this study further demonstrated
that sulfate inhibition occurred via accumulating acetic acid. Ad-
ditionally, previous study revealed that high propionic acid would
exert toxicity to microorganisms via diffusion of unionized propi-
onic acid into microbial cells [33]. Therefore, a large amount of
propionic acid at the latter period of digestion also contributed a
lot to sulfate inhibition in S5 reactors (Text S6 in Supporting infor-
mation).

The percentage distribution of the carbon within the different
phases are listed in Table S3 (Supporting information). Experimen-
tal results demonstrated that majority of the clement C were ex-
isted as the solid phase (around 58.64%) within the AD reactors,
regardless of the operational characteristics. Additionally, about
20.87%-26.67% of the element C were as the liquid phase in all
TAN systems, clearly demonstrating that the ammonia concentra-
tion had no significant effect on the dissolution process of carbon
elements from solid to liquid phase. Above results were consistent
with the study of Li et al. [18], who found that the element C re-
mained in solid form was over 60.3%. However, the efficiency of C's
conversion from the liquid phase into CH4 (2.68%-7.08%) was a bit
lower than that of 9.5%-15.8% observed by Li et al. [18]. The differ-
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ent substrates might cause this big discrepancy. By contrast, a rel-
ative lower percentage distribution of CH4-Gas in TAN6500 (2.68%)
systems meant that higher ammonia inhibited microbial activities
and further affected the methanation process [22]. Meanwhile, a
higher CH4 conservation rate of TAN3500 (CH4-Gas=7.08%) than
TAN4500 (CH4-Gas=4.79%) revealed the negative impact on AD
process would occur when ammonia concentration reached 4500
mg/L. Rajagopal et al. [23] stated that the TAN concentrations of
1500-7000 mg/L would seriously inhibit the process of methano-
genesis, much widely than the observation of the high solid diges-
tion in this work, might be related to the differences in nature of
inocula, substrates, and environmental conditions [34].

To intuitively investigate the element C transformation from lig-
uid to gas phase, the contents of acetic acid, propionic acid and
CH4 within the AD reactors were unified to COD (g), and then
SCOD was applied in Fig. S4 (Supporting information). The con-
tents of SCOD in all systems exhibited a noteworthy increment
during the initial 22 d operation, revealing that the majority of
the organics within the food waste was gradually degraded into
soluble organic matters. During this period, the bio-conservation
rate of CODpethane Were much higher than that of COD,gefic acid
and CODpopionic acid in TAN2000 and TAN3500 systems, which re-
flected that the methanation was not a limiting factor under such
ammonia concentrations. It is noteworthy that the parameters of
CODynethaner CODjcetic acia and CODpropionic acia all exhibited a sig-
nificant declining within the TAN4500 and TAN6500, while the
SCOD value increased and reached 31.56 g/L and 30.72 g/L, re-
spectively, which implied that the inhibition occurred in the or-
ganic carbonation pathways both for hydrolysis and methanation.
For the subsequential stage operation (from 22 day to 60" day),
despite the CODj,cetic acia aNd CODpropionic acia contents were higher
than that CODyetpane in TAN2000 and TAN3500 systems, a rela-
tive higher COD penane cOnservation (> 6.3%) revealed an efficient
CHy4 productivity. Notably, the COD,gpionic acid Contents increased
sharply in TAN4500 and TAN6500 systems during digestion peri-
ods (> 7.0 g/L). Yang et al. [30] pointed that propionic acid accu-
mulation could restrict the AD process and even jeopardize their
performance; thus, the accumulative propionic acid was responsi-
ble for lower CH4 productivity. Similar to TAN systems, majority of
the element C remained in solid phase in the AD reactors of S1-S5
(>60.3%), followed by liquid phase (below 13.7%). Meanwhile, the
variations of SCOD, CODpethanes CODacetic acia and CODpropionic acid
under different sulfate concentrations were displayed in Fig. S5 and
discussed in Text S7 (Supporting information).

For element N, ammonia concentration distribution within the
substrates had exhibited no significant effect on the solid- and
liquid-phase distribution of nitrogen, as evidenced by the insignif-
icant variation of the percentage distribution of TN-solid (75.80%-
80.43%) or TN-liquid (average 12.61%-16.62%) within the TAN sys-
tems (Table S4 in Supporting information). Similar to that of the
element C, majority of the nitrogen were existed as solid phase,
consistent with the observation of Li et al. [35], who reported that
the distributions of solid-related and liquid-related TN were 79.3%
and 18.1%, respectively, for the cattle mature substrates. As shown
in Fig. 3a, the concentrations of the soluble protein were all exhib-
ited the same distribution trend that increased during the initial
stage operation and then continuously decreased during the subse-
quential stage. Above results demonstrated that the hydrolyzation
of the solid protein from food waste into the liquid phase in the
initial stage operation, as well as the deterioration of the microbial
cell wall and the releasing of the intracellular materials led to the
concentration rising of the soluble protein [36].

The FAN has been regarded as the main reason for the suppres-
sion of the AD systems due to its high permeability for bacterial
cell membrane [6]. As shown in Fig. 3b, the most significant accu-
mulation of FAN has been detected in TAN6500 system, followed
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by TAN4500 and TAN3500, whereas that of the TAN2000 was the
lowest; and the accumulation trend became more significant with
the increasing of the digestion time. Rajagopal et al. [23] revealed
that abundant existence of the FAN within the AD system not only
inhibited the growth of the methanogenic archaea, but also toxic
to the acetogenic bacteria related to propionate degradation. That
might be the main reason why TAN6500 system were inhibited by
FAN (801.54 mg/L) at initial period. Previous studies stated that
decreased pH could alleviate FAN inhibition via changing of the
ionization equilibrium between NH4* and NH3 [7,9]. However, the
stable pH and large fluctuation of FAN concentrations in TAN4500
at the latter period implied that these digesters began to be in in-
hibited state, which was consistent with the decreasing methane
production rates in Fig. 1b.

Concentration of the TAN of each system displayed an obvious
gradient with the artificially regulation of ammonia, with average
concentrations of 2125, 4074, 4784 and 6322 mg/L in TAN2000,
TAN3500, TAN4500 and TAN6500 during the steady-state opera-
tion of the AD systems (Fig. 3c). Sun et al. [26] revealed that TAN
inhibition firstly led to the concentration rising of the acetate and
subsequently fell once the propionate accumulated. Similar results
were also observed in TAN4500 and TAN6500 systems (Figs. 1c
and d), indicating the occurrence of TAN inhibitory in above two
AD systems. It was worthwhile to point that an obvious lag phase
was observed for TAN4500, which revealed a real TAN inhibiton
might occur at 4500-4784 mg/L. The result was consistent with
the reported inhibitory concentration of TAN at 1500-7000 mg/L in
AD systems. The similar phenomenon was also observed in sulfate
systems (Fig. S6 in Supporting information) and were discussed in
Text S8 (Supporting information).

The diversity and richness of microbial community were listed
in Table S4 and discussed in Text S9 (Supporting information).
The results manifested that high ammonia/sulfate showed toxic-
ity to archaea and bacteria, which influenced the diversity and
richness of microbial community [37]. To further investigate the
microbial structures, the circuses of bacteria at genus level in
different digestion systems are listed in Fig. 4a. Methanosarcina,
Methanobacterium, and Methanoculleus were the predominant ar-
chaea within the digesters. Gonzalez et al. [14] pointed that
Methanosarcina, belonging to aceticlastic methanogens, could uti-
lize acetate for methane production. Therefore, the highest rela-
tive abundance of Methanosarcina in all systems manifested that
aceticlastic methanogenesis was the major methanogenic pathway
in digesters of food waste regardless of TAN or sulfate systems.
The results were consistent with Yi et al. [38], who reported that
Na* existed in food waste was the potential key factor deter-
mining the pathway of methane production. Methanosarcina were
not significantly inhibited by the Na*t level during the AD pro-
cess [38]. Notably, as compared to other TAN systems, the per-
centage of Methanosarcina decreased obviously in TAN6500, im-
plying that such a high concentration of ammonia in the di-
gesters inhibited the aceticlastic methanogenesis pathways, which
caused a significant TVFAs accumulation and thus a declining
of CH4 production. In other words, the decreasing percentage of
Methanosarcina led to the lower conversion efficiency of organ-
ics from the liquid phase into CH, (2.68%) in TAN6500. Simi-
lar phenomenon of Methanobacterium, related to hydrogenotrophic
methanogens, was also observed in TAN6500 [14], suggesting that
high ammonia exhibited a negative effect on Methanobacterium.
However, Methanoculleus, which also belongs to hydrogenotrophic
methanogens, increased significantly in TAN6500. Amha et al
[39] found that Methanoculleus exhibited a higher resilience or
adaptation potential to high fats, oils and grease, which could be
used to explain this phenomenon in TAN6500. From above, we
could speculate that high ammonia concentration facilitated a shift
in methane-producing pathways from aceticlastic methanogenesis
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Fig. 3. The variations of soluble protein (a), FAN (b) and TAN (c) concentrations under different ammonia conditions.
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Fig. 4. The circuses of archaea (a) and bacterial (b) communities at genus level in different digesters.

to hydrogenotrophic methanogens. Notably, the relative abundance
of Methanosarcina decreased with the increasing sulfate concen-
trations, indicating that the activity of Methanosarcina was closely
influenced by the sulfate concentrations. Contrarily, the relative
abundance of Methanobacterium (hydrogenotrophic methanogens)
increased with the increasing sulfate concentration in S1-S4 sys-
tems, demonstrating that high sulfate concentrations could im-
prove Hy-consuming methanogens activity [40]. And the horizontal
flow AD reactor was discussed in Text S10 (Supporting informa-
tion).

Firmicutes (43.78%-63.17%), Bacteroidetes (24.20%-33.305%),
Cloacimonetes (0.44%-2.42%), Spirochaetes (0.39%-4.67%) and Chlo-
roflexi (0.33%-1.89%) were the dominant phylum in all AD systems
(Fig. S7 in Supporting information). Several previous studies
have proven that the dominance of Firmicutes, Bacteroidetes and
Proteobacteria in AD reactors played a key role in hydrolysis and
acetogenesis [38,41]. Hence, the high proportion of hydrolytic
bacteria in all AD systems, regardless of the existence of am-

monia/sulfate, further revealed the excellent transformation of C
from solid phase to liquid phase (20.87%-26.67% in TAN systems,
and 7.33%-16.65% in sulfate systems). As for genus level bacteria
(Fig. 4b), Treponema as a presumptive homoacetogen could uti-
lize H, and CO, to generate acetate, and worked synergistically
with aceticlastic methanogens [42]. Therefore, their percentage
distribution decreasing in TAN6500 closely related to the am-
monia inhibition or the decrease of Methanosarcina. Notably, the
unclassified bacteria accounted more than 70% of total bacteria
in all systems. Despite the function of unclassified bacteria could
not identified directly, it could be speculated the functions from
the family level. For example, the genus bacteria within family
Ruminococcaceae were capable of hydrolyzing and fermenting the
cellulose and hemicellulose related carbohydrates [43,44]. Hence,
the higher relative abundance of unclassified_Ruminococcaceae
contributed to the hydrolysis and fermentation of the organics
within the food waste digesters. Similarly, unclassified_Clostridiales
might involve in the hydrolysis and acidogenesis process of
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the AD systems, because the family Clostridiales were known
to produce cellulases, lipases, proteases, and other extracellular
enzymes [9]. Notably, these unclassified bacteria differed obviously
among TAN systems. For instance, lowest relative abundance of
unclassified_Ruminococcaceae in TAN6500 systems was observed,
suggesting high ammonia concentrations could inhibit this type
hydrolysis, while supported unclassified_Bacteroidales activity due
to its higher abundance. Additionally, higher relative abundance
of unclassified_Lachnospiraceae were obtained in TAN3500 and
TAN6500 meant the higher hydrolysis rates of protein [42]. The
bacterial dynamics changed slightly at genus level in sulfate
systems owing to the similar community structures (Fig. 4b).

In summary, inhibition of ammonia and sulfate on the digestion
of food waste were mainly caused by VFAs accumulation, espe-
cially for propionic acid. Ammonia inhibition was presented with
6500 mg/L, while sulfate inhibition occurred with the range of
1600-3500 mg/L. Element analysis indicated that the higher rate
of C dissolution than conversion caused SCODpopionic acid accumu-
lation. From microbial community structures, aceticlastic methano-
genesis was the major methanogenic pathway for methane pro-
duction. High TAN (6322 mg/L) levels showed toxicity on the
Methanosarcina in TAN systems. Unclassified bacteria within Firmi-
cutes and Bacteroidetes phyla played an important role in substrate
hydrolysis.
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