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Effects of ammonium and/or sulfide on methane production from acetate or
propionate using biochemical methane potential tests
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The inhibitory effects of ammonium and sulfide on the methane production using acetate or propionate as a carbon
source were investigated under different pH and temperature conditions. The methane production rate, duration of the
lag phase, and inhibition threshold limit during methane production were estimated using the Gompertz equation and
inhibitor mathematical model. The methane production rates at 53�C were 2.3e2.7 times higher than those at 35�C in
the case of non-inhibitors. Increasing the NH4

D and/or S2L concentration decreased the methane production rate and
increased the duration of the lag phase. For methane fermentation that was not acclimated to high NH4

D concentration,
the critical NH4

D concentration beyond which methane fermentation would stop was 4000e5650 mg/L, depending on the
pH, temperature, and carbon source. When NH4

D and S2L were coexistent, the critical NH4
D concentration decreased to

approximately 3800 mg/L when propionate was used and to approximately 4450 mg/L when acetate was used. However,
no synergistic effect of NH4

D and S2L on the methane production rate was found at an NH4
D concentration of < 5000 mg/L

and S2L concentration of 50 mg/L.

� 2018, The Society for Biotechnology, Japan. All rights reserved.
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Conversion of organic waste to biogas via methane fermentation
is an effective approach for minimizing environmental pollution
from the untreated waste and conserving fossil fuel. From the
perspective of environmental sustainability, methane fermentation
is regarded as a promising process for renewable energy generation
and waste stabilization (1).

When treating organic waste with a low carbon to nitrogen (C/
N) ratio and/or low carbon to sulfur (C/S) ratio, methane
fermentation is easily inhibited by ammonium (NH4

þ) and/or
sulfide (S2�) ions because free ammonia (NH3) and hydrogen
sulfide (H2S) can diffuse into the cell membrane (2e5). Moreover,
the quality of biogas is reduced by the presence of NH3 and H2S
(6). The anaerobic digestion process will be more difficult when
NH4

þ and S2� are coexistent (7,8). Hansen et al. (7) studied the
anaerobic digestion of swine manure, and found that when the
ammonia concentration was 4.6 g-N/L, even a very low concen-
tration of sulfide (23 mg S2�/L) has an inhibitory effect on the
anaerobic digestion process. Lauterbock et al. (8) found that when
the ammonia concentration in the reactor was 5.7 g-N/L, only
28e37 mg/L S2� resulted in a 50% reduction (IC50) in the methane
yield. However, the S2� concentration �50 mg/L may cause IC50
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inhibition of methanogens in the presence of S2� inhibition alone
(2). These results indicate that NH4

þ and S2� have a potential
synergistic inhibitory effect on anaerobic digestion.

To alleviate inhibition of methane fermentation by S2� and in-
crease the biogas quality, a methane fermentation process with
micro-aeration was developed in our previous study (9), and the
phylogenetic diversity of microorganisms in the fermenter was
analyzed (10). Furthermore, a methane fermentation process with
micro-aeration and biogas recirculation was developed to simul-
taneously alleviate the inhibitory effects of NH4

þ and S2� (11,12).
During the methane fermentation process with micro-aeration and
biogas recirculation, H2S in biogas was primarily oxidized to sulfur
and/or sulfate with micro-aeration. The biogas exhausted was
washed with water before recirculation, and NH3 was fixed in the
water tank mainly as NH4HCO3 by reaction of NH3 and CO2. Recir-
culation of the water-washed biogas into the fermenter enhanced
stripping of NH3 and H2S. Therefore, the inhibitory effects of NH4

þ

and/or S2� were alleviated (11). The state of NH3 and H2S in the
liquid phase is pH- and temperature-dependent. Generally, NH3
preferentially exists at high pH, while H2S preferentially exists at
low pH. Therefore, the inhibitory effects of NH4

þ and/or S2� could
potentially be alleviated by controlling the pH and temperature
during the methane fermentation process (13). In our previous
study, the efficiency of NH3 removal increased 1.23-fold with an
increase of the temperature of the methane fermentation process
from 53�C to 60�C (12). However, methane fermentation is easily
affected by pH and/or temperature changes. Moreover, volatile fatty
acids (VFAs), especially acetic acid and propionic acid, were accu-
mulated when the inhibitory effects of NH4

þ and/or S2� were
All rights reserved.
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expressed (11,14,15), causing failure of methane fermentation. To
directly alleviate the inhibitory effects of NH4

þ and/or S2�, it is
important to investigate the effects of NH4

þ and/or S2� on methane
production under various pH and temperature conditions.

In this study, biochemical methane potential (BMP) tests are
carried out to investigate the effects of the individual species and
synergistic inhibition by NH4

þ and S2� on methane production un-
der different pH and temperature conditions using acetate or pro-
pionate as a carbon source. The Gompertz equation and inhibitor
mathematical model are used to estimate the methane production
rate, duration of the lag phase, and inhibition threshold limit for
methane fermentation.

MATERIALS AND METHODS

Acclimation of inoculum sludge Sludge from a thermophilic anaerobic
digester for treating the stillage of ethanol fermentation was acclimated in an
anaerobic digester with a working volume of 8 L (MDL-10L; B.E. Marubishi, Chiba,
Japan) at 53�C and 85 rpm by using canteen garbage (volatile total solid (VTS),
201 g/kg, wet base) as a feed. The VFAs, gas evolution, NH4

þ, SO4
2�, and pH were

monitored during acclimation. Sludge at steady-state was used for the BMP tests.

Experimental set-up The BMP tests used an Automatic Methane Potential
Analysis System II (AMPTS II; Bioprocess Control Sweden AB, Sweden) and were
carried out in a 600mL vialwith aworking volumeof 400mL. The conditions used for
each experimental vial are summarized in Table 1. A 230 mL aliquot of nutrient
solution, 0.1 mol/L phosphate buffer (60 mL; pH 7.0 or 8.0), and inoculum sludge
(20 mL) were mixed. NH4Cl solution (0e50 mL; [NH4

þ] ¼ 40 g/L) and/or Na2S
solution (0e60 mL; [S2�] ¼ 2 g/L) were added according to the designated inhibitor
concentrations. Sodium acetate or sodium propionate solution (10 mL), with a total
organic carbon (TOC) concentration of 40 g/L, was added as a carbon source.
Finally, distilled water was added to make a working volume of 400 mL. The carbon
source added was equivalent to an acetate or propionate concentration of
2500 mg/L or 2050 mg/L, respectively, which would not inhibit methane
fermentation according to our previous study (16). When necessary, the initial pH
was adjusted to 7.0 or 8.0 using 10% (w/w) HCl solution or 10% (w/w) NaOH
solution. A control vial was prepared by the same method as outlined above, except
that distilled water was substituted for NH4Cl solution and Na2S solution and the
initial pH was adjusted to 7.0. A blank vial was prepared by adding nutrient
solution, phosphate buffer, inoculum sludge, and distilled water. The applied
inoculum sludge had a pH of 8.1, a TS content of 5.5%, a VTS content of 3.3%, and a
NH4

þ content of 800 mg/L. The 230 mL nutrient solution contained KH2PO4, 69 mg;
KHCO3, 920 mg; NH4Cl, 230 mg; NaCl, 130 mg; MgCl2$6H2O, 180 mg; CaCl2, 15 mg;
L-cysteine hydrochloride anhydrous, 20 mg; and trace element solution, 1.5 mL. The
trace element solution consisted of FeCl3$6H2O, 1350 mg/L; ZnCl2, 100 mg/L;
NiCl2$6H2O, 410 mg/L; MnCl2$4H2O, 100 mg/L; Na2MoO4$2H2O, 24 mg/L;
CuCl2$2H2O, 25 mg/L; CoCl2$6H2O, 140 mg/L; and H3BO3, 10 mg/L.

Each experimental vial was flushed with N2 for 3 min before assembling the
rubber stoppers and the mechanical agitators. The gas pipelines were then con-
nected and the vials were incubated at 35�C or 53�C in awater bath. The control vials
were incubated at 53�C. Agitation was set at 85 rpmwith repeated ON-OFF (85 s On
and 15 s Off) cycles throughout the tests. The biogas produced was passed through a
3 mol/L NaOH solution (80 mL) to fix CO2 and H2S, allowing only methane to be
detected. The methane volume is measured through water displacement using flow
cells which give a signal for approximately every 10 mL of produced gas. Internal
temperature and pressure sensors are used to normalize the gas volume to 0�C,
1 atm and dry gas conditions at each measurement point. The BMP tests at 35�C
were carried out for 185 h, while the BMP tests at 53�Cwere carried out for 50 h. The
TABLE 1. Condition

Solution

Individual inhib

NH4
þ inhibitiona

Nutrient solution 230 2
0.1 mol/L phosphate buffer (pH 7.0 or 8.0) 60 6
Inoculum sludge 20 2
NH4Cl solution ([NH4

þ] ¼ 40 g/L) 0, 10, 20, 30, 40, or 50 0
Na2S solution ([S2�] ¼ 2 g/L) 0 0
Sodium acetate or sodium propionate solution

([TOC] ¼ 40 g/L)
10 1

Distilled water Water was added to total volum

a The concentrations of NH4
þ in the experimental vials ranged from 0 to 5000 mg/L.

b The concentrations of S2� in the experimental vials ranged from 0 to 300 mg/L.
c Control vial was carried out at pH 7.0 and 53�C.
BMP test under each condition was independently carried out twice, and the data
presented are the average values.

Data analysis The modified Gompertz equation (Eq. 1) was used to fit the
experimental methane production curve to determine the methane production
performance (17).

PðtÞ ¼ Pm$exp
�
� exp

�
V$e
P

ðl� tÞ þ 1
��

(1)

where P(t) (mL/L) is the accumulated methane production at time t (h); Pm (mL/L) is
the maximum accumulated methane production during the test period, which was
fixed at P (185) at 35�C and P (50) at 53�C for model prediction; V (mL/L/h) is the
methane production rate, which was defined as the volume of methane produced
per liter sludge in 1 h; and l (h) is the duration of the lag phase.

The effect of the NH4
þ or S2� concentration on the methane production rate

under specific pH and temperature conditions was determined by using the inhib-
itor mathematical model (Eq. 2) (17):

VC ¼ V0

�
1� C

C*

�n

(2)

where C (mg/L) is the inhibitor (NH4
þ or S2�) concentration; VC (mL/L/h) is the

methane production rate at an inhibitor concentration C; V0 (mL/L/h) is the methane
production rate in the absence of an added inhibitor; C* (mg/L) is the critical in-
hibitor concentration, beyond which methane fermentation would stop. Origin Pro
8.0 was used for curve-fitting with a minimum residual sum of squared errors be-
tween the experimental data and model curve.

The inhibition ratio (R) is defined as follows (Eq. 3):

R ¼ ðVCon � VEÞ
VCon

� 100% (3)

where VCon (mL/L/h) is the methane production rate of the control vial (in the
absence of an added inhibitor at pH 7.0 and 53�C); VE (mL/L/h) is the methane
production rate for the experimental vials with different inhibitor concentrations.

The synergistic effect of NH4
þ and S2� on the methane production performance

was analyzed using the method reported by Greetham et al. (18). The synergistic
effect was determined from the epsilon values (ε) as calculated using Eq. 4.

ε ¼ ð1� RN�SÞ � ð1� RNÞ � ð1� RSÞ (4)

where RN-S is the inhibition ratio with the co-existence of NH4
þ and S2�; RN is the

individual inhibition ratio of NH4
þ; RS is the individual inhibition ratio of S2�.

Analytical methods Acclimation sludge (10 mL) was centrifuged at
12,000 rpm and 4�C for 10 min. The supernatant was filtered through a 0.45 mm
membrane filter (Jinteng, Tianjin, China) and the filtrate was collected. The concen-
trations of VFAs, SO4

2�, and NH4
þ in the filtrate were analyzed. The VFAs were analyzed

using an HPLC equipped with a UV detector (at 450 nm) and a Shimpack SCR-101H
(Shimadzu, Kyoto, Japan) column (19). The NH4

þ concentration was analyzed with an
ion chromatography system (ICS-1500; Dionex, Sunnyvale, CA, USA) equipped with
a CS-12A column and a CG-12A guard column. The SO4

2� concentration was
measured using a different ion chromatography system (ICS-1100; Dionex)
equipped with an AS-12A column and an AG-12A guard column. The pH was
measured using a pH meter (HM-25G; TOA-DKK, Tokyo, Japan).
RESULTS AND DISCUSSION

Acclimation of inoculum sludge As shown in Fig. 1,
acclimation of the inoculum sludge was initiated at a VTS loading
rate of 2 g/L/day. The propionate concentration increased to
s of BMP tests.

Volume (mL)

ition Synergistic inhibition Controlc Blank

S2� inhibitionsb

30 230 230 230
0 60 60 60
0 20 20 20

0, 10, 20, 30, 40, or 50 0 0
, 10, 20, 30, 40, or 60 10 0 0
0 10 10 0

e of 400 mL



FIG. 1. Acclimation of inoculum sludge for BMP tests.
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approximately 1300 mg/L in the first 5 days, causing a decrease in
the pH from 8.7 to 7.9. Meanwhile, the NH4

þ concentration
increased to approximately 1200 mg/L. The propionate
concentration decreased gradually to zero after the 12th day, and
the gas yield increased after the 20th day. The pH increased to
8.5 after 24 days due to the decrease in the propionate
concentration, associated with the decrease in the NH4

þ

concentration due to stripping of more NH3 at higher pH. In our
previous study on continuous methane fermentation with a
complete stirring tank reactor (CSTR) using acetate as the sole
carbon source, it was found that the methanogenic activity was
significantly affected by the dilution rate, and increased linearly
at a dilution rate below 0.12 day�1 (20). The dilution rate at the
VTS loading rate of 2 g/L/day was calculated to be 0.009 day�1 in
this study. To achieve higher methanogenic activity sludge for the
BMP tests, the VTS loading rate was increased to 4 g/L/day after
the propionate decreased to zero. The VFAs, pH, and NH4

þ

concentration were relatively stable after increasing the VTS
loading rate. Although the gas yield decreased after increasing
the VTS loading rate, it increased after the 56th day and then
stabilized again. At the steady-state, the gas yield at the VTS
loading rate of 4 g/L/day was approximately 640 mL/g VTS, and
was higher than 536 mL/g VTS on average for the 25the40th
days at the VTS loading rate of 2 g/L/day, indicating that the
methanogenic activity increased with increasing VTS loading rate.
Acetate was negligibly detected throughout the acclimation. The
sludge samples at the 80th, 91st, 107th, 120th, 131st, and 141st
day were used for the BMP tests. For each BMP test vial, the NH4

þ

concentrations derived from the inoculum sludge and nutrient
solution were approximately 40 mg/L and 190 mg/L, respectively,
which were much lower than the amount of NH4

þ added.
Therefore, NH4

þ from the inoculum sludge and nutrient solution is
ignored in the following discussions.
Effect of temperature on the methane production
rate Fig. 2 shows the time-courses of methane production in
the BMP tests under various conditions. The methane production
rate, which can be used to express the methanogenic activity, is a
useful indicator for evaluating the methane production
performance under specific conditions (17). To determine the
effect of temperature on methane fermentation, the methane
production rates without addition of NH4

þ were estimated from
Eq. 1 and are presented in Table 2. The methane production rates
at 53�C were 2.3e2.7 times higher than those at 35�C in the
absence of inhibitors. This phenomenon was probably due to
higher temperature improved the activity of microorganism (21).
Moreover, the methane production rates achieved when acetate
was used as a carbon source were higher than those achieved
using propionate as the carbon source under the same pH and
temperature conditions. In our previous study, the maximum
dilution rate was 0.6 day�1 in an anaerobic chemostat where
acetate was continuously fed as the sole carbon source (22),
while the maximum dilution rate was 0.3 day�1 when propionate
was fed as the sole carbon source (23), indicating that the specific
growth rate of acetate-degrading microbes was faster than that of
the propionate-degrading microbes. The higher methane
production rate achieved using acetate as the carbon source in
this study was consistent with our previous results.

As reported by Gillooly et al. (24), the effect of temperature on
the metabolic rate within the biologically relevant temperature
range can be approximated by Eq. 5.

B ¼ A0e
�Ei=kT (5)

where B is the metabolic rate, which is reflected as the methane
production rate in this study; A0 is a constant; Ei (J/mol) is the
average activation energy for the enzyme-catalyzed biochemical



FIG. 2. Time courses for methane production in BMP tests under various conditions. Solid line: 35�C; dotted line: 53�C. (A) BMP tests with addition of NH4
þ using acetate as carbon

source at pH 7.0; (B) BMP tests with addition of NH4
þ using acetate as carbon source at pH 8.0; (C) BMP tests with addition of NH4

þ using propionate as carbon source at pH 7.0;
(D) BMP tests with addition of NH4

þ using propionate as carbon source at pH 8.0.

TABLE 2. Effect of temperature on methane production rate in absence of inhibitors.

Conditions Methane production rate (mL/L/h) V53/V35
a

Carbon source pH 53�C 35�C

Acetate 7 27.8 12.3 2.3
Acetate 8 11.3 4.3 2.6
Propionate 7 24.3 9.0 2.7
Propionate 8 8.8 3.8 2.3

a V53/V35 is the ratio of the methane production rate at 53�C to that at 35�C.
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reactions of metabolism; k is Boltzmann’s constant, which is 8.31 J/
mol/K (25); T (K) is the absolute temperature. Substituting the
absolute temperature (308 K (35�C) and 326 K (53�C)) and the
methane production rates at different temperatures into Eq. 5, Ei
was calculated to be 37.8e44.8 kJ/mol, which was in the reported
range, where Ei varies between 19.3 and 115.6 kJ/mol (24). There-
fore, the significantly higher methanogenic activity under ther-
mophilic conditions than under mesophilic conditions is reliable.

Effect of NH4
D on methane production using acetate/

propionate as the carbon source As shown in Fig. 3A, the
methane production rate generally decreased with an increase in
the NH4

þ concentration using acetate as the carbon source,
irrespective of pH and temperature. However, the methane
production rate decreased much faster at 53�C than at 35�C, which
is consistent with the reports that thermophilic methane
fermentation was more sensitive to NH4

þ than mesophilic methane
fermentation (26). At pH 8.0, the methane production rate without
addition of NH4

þ was lower than that with addition of 1000 mg/L
NH4

þ, which is similar to the data reported by Sung and Liu (26),



FIG. 3. Effect of NH4
þ on (A) the methane production rate and (B) the duration of the lag

phase using acetate as carbon source. X-axis shows the concentration of added NH4
þ.

TABLE 3. Effect of inhibitor threshold limit on methane production rate.

Inhibitor Carbon source Conditions n C50
a (mg/L) C*b (mg/L)

NH4
þ Acetate pH 7.0, 53�C 0.85 2854.9 5120.2

pH 7.0, 35�C 0.97 2868.5 5617.8
pH 8.0, 53�C 0.80 2472.6 4266.4
pH 8.0, 35�C 0.87 2401.0 4371.8

Propionate pH 7.0, 53�C 0.89 2536.7 4688.5
pH 7.0, 35�C 0.72 2475.2 4004.2
pH 8.0, 53�C 1.04 2228.3 4580.4
pH 8.0, 35�C 0.73 2452.4 4000.2

S2� Acetate pH 7.0, 53�C 1.32 129.8 317.8
Propionate pH 7.0, 53�C 1.52 103.6 282.9

NH4
þ with
50 mg/L S2�

Acetate pH 7.0, 53�C 0.63 2963.8 4442.1
Propionate pH 7.0, 53�C 0.66 2466.4 3793.7

a C50 (mg/L) is the critical inhibitor concentration beyond which the methane
production rate decreased by 50% compared with the control vial.

b C* (mg/L) is the critical inhibitor concentration beyond which methane
fermentation would stop.
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where acclimation of sludge at an NH4
þ concentration of 1200 mg/L

resulted in the peak specific methanogenic activity at pH 8.0.
Stripping of NH3 preferably occurred at the relatively high pH of 8.0
(27); thus, no NH4

þ was detected in the experimental vial without
addition of NH4

þ in the present BMP test. The lack of nitrogen
source of the sludge restricted growth of the microbes, resulting in
the low methane production rate at pH 8.0 (28). The change in the
methane production rate with an increase in the NH4

þ

concentration from 1000 mg/L to 4000 mg/L was almost linear at
35�C. Under the conditions of 53�C and pH 7.0, the methane
production rate also decreased almost linearly with an increase in
the NH4

þ concentration if the methane production rate at an NH4
þ

concentration of 3000 mg/L is ignored. On the other hand, under
the conditions of 53�C and pH 8.0, the methane production rate
decreased slightly when the NH4

þ concentration increased from
1000 mg/L to 2000 mg/L, but decreased sharply when the NH4

þ

concentration was >2000 mg/L. Generally, increasing the pH from
7 to 8 would lead to an 8-fold increase in the NH3 concentration
under mesophilic conditions, and this increase would be even
higher under thermophilic conditions (13,29). Therefore, it is
commonly recognized that thermophilic methane fermentation is
more sensitive to pH changes. The difference in the methane
production rate at different pH values was more significant at 53�C
than at 35�C when the NH4

þ concentration was >2000 mg/L, which
might be becauseNH3 inhibition becamedominant at this NH4

þ level.
Acclimation of methane fermentation to the inhibitor can be

evaluated based on the effect of the inhibitor on the duration of the
lag phase in a batch experiment (17). As shown in Fig. 3B, the
duration of the lag phase increased with an increase in the NH4

þ

concentration, and was significantly shorter at 53�C than at 35�C.
The shorter lag phase at 53�C might be caused by the higher
metabolic rate under thermophilic conditions. Besides, it is also
possible that the thermophilically acclimated inoculum sludge used
for the mesophilic BMP tests prolonged the lag phase. In future
work, mesophilic BMP tests using mesophilically acclimated inoc-
ulum sludge should be carried out to evaluate the lag phase of
mesophilic methane fermentation and the sensitivity of mesophilic
methane fermentation to NH4

þ and pH.
From an engineering viewpoint, it is important to understand

the inhibitor limitation concentration (17). As shown in Table 3, C50
and C* indicate the inhibitor concentration at which the methane
production rate dropped by 50% and 100%, respectively. Using ac-
etate as a carbon source, the C50 and C* values were
2400e2900 mg/L and 4250e5650 mg/L, respectively. The C50 value
was relatively constant at a specific pH, irrespective of temperature,
andwas higher at pH 7.0 than at pH 8.0. Similarly, the C* value at pH
7.0 was also higher than that at pH 8.0. Besides, the C* value at 35�C
was slightly higher than that at 53�C at a given pH. These results
support the observation that methane fermentation at lower pH
and lower temperature was less sensitive to an increase in the NH4

þ

concentration (26).
When propionate was used as a carbon source, as shown in

Fig. 4A and B, the changes in the methane production rate and the
duration of the lag phase with increasing NH4

þ concentration were
similar to those achieved using acetate as the carbon source.
However, the methane production rate achieved using propionate
as the carbon source was lower than that obtained using acetate as
the carbon source under the same pH and temperature conditions
because propionate oxidation was thermodynamically unfavorable
due to the positive free energy change (30). The methane produc-
tion rate was lower without addition of NH4

þ than with addition of
1000 mg/L NH4

þ at pH 8.0 due to the lack of nitrogen source. The lag
phase at 35�C was also significantly longer than that at 53�C. With
the same amount of NH4

þ, the lag phase was slightly longer when
propionate was used as the carbon source than when acetate was
used as the carbon source under the same pH and temperature
conditions. The change in the methane production rate with an
increase in the NH4

þ concentration when propionate was used as
the carbon source was slower than that achieved using acetate as
the carbon source. The difference in the methane production rate
caused by difference of the pH at 53�C was more significant than
that at 35�C, regardless of the NH4

þ concentration. This observation
indicated that thermophilic methane fermentation was more sen-
sitive to changes in the pH.

As shown in Table 3, the C50 and C* values were 2200e2550mg/L
and 4000e4700 mg/L, respectively, when propionate was used as
the carbon source. The C50 and C* values obtained using acetate as
the carbon source were lower than those obtained when propionate
was used as the carbon source under the same pH and temperature
conditions. Using propionate as the carbon source, the C50 and C*

values were relatively constant at different pH values for a given



FIG. 4. Effect ofNH4
þ on (A) themethaneproduction rate and (B) thedurationof the lagphase

using propionate as carbon source. X-axis shows the concentration of added NH4
þ.

FIG. 5. Effect of S2� on (A) the methane production rate and (B) the duration of the lag
phase at 53�C and pH 7.0 using acetate or propionate as carbon source. X-axis shows
the concentration of added S2�.
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temperature, except that the C50 was higher at pH 7.0 and 53�C than
at pH 8.0 and 53�C. On the other hand, the C* of approximately
4600 mg/L at 53�C was significantly higher than that of approxi-
mately 4000 mg/L at 35�C for a given pH. Anaerobic propionate
oxidation is an endothermic reaction that involves two catabolic
reactions: H2 production from propionate andmethanogenesis from
H2 and CO2 (31). Higher temperature is beneficial for the endo-
thermic reaction and results in a higher methane production rate.
The optimum pH range for propionate oxidation was 7e8; thus
propionate oxidationwas faster under thermophilic conditions than
under mesophilic conditions (32). Therefore, although thermophilic
methane fermentation is generally more sensitive to increases in the
NH4

þ concentration, enhanced propionate oxidation under thermo-
philic conditions conferred greater resistance to an increase in the
NH4

þ concentration during thermophilic methane fermentation.
Overall, for methane fermentation that was not acclimated to

high NH4
þ concentration, the critical NH4

þ concentration beyond
which methane fermentationwould stop was 4000.2e5617.8 mg/L,
depending on the pH, temperature, and carbon source. Generally,
the inhibitory effect of NH3 would lead to accumulation of VFAs like
acetic acid and propionic acid during methane fermentation (13),
and accumulation of VFAs would further inhibit methane fermen-
tation (28). Therefore, the NH4

þ concentration should be controlled
to<4000mg/L formethane fermentation thatwas not acclimated to
high NH4

þ concentration to prevent the risk of fermentation failure.

Effect of S2L on methane production performance at 53�C
and pH 7.0 Since the methane production rate and the lag phase
at 53�C and pH 7.0 were much superior to those under the other pH
and temperature conditions, the effect of S2� on the methane pro-
duction performance was investigated at 53�C and pH 7.0.

Fig. 5 shows the effect of S2� concentrations ranging from 0 to
300 mg/L on the methane production performance. The methane
production rate declined constantly with an increase in the S2�
concentration, which is consistent with our previous study
showing that the specific gas evolution rate decreased steadily with
an increase in the S2� concentration (16). Similarly, Hilton and
Oleszkiewicz (33) reported that complete anaerobic utilization of
acetate required a longer retention time with an increase in the S2�

concentration. The duration of the lag phase increased with
increasing S2� concentration, but the carbon source did not influ-
ence the duration of the lag phase. Compared with the BMP test at a
specific S2� concentration using acetate as the carbon source, the
methane production rate from propionate was significantly lower
due to the positive free energy change of propionate oxidation,
while the duration of the lag phase was similar. The change in the
methane production rate with an increase in the S2� concentration
was relatively smooth, regardless of the carbon source used. As
shown in Table 3, the C50 and C* values were slightly higher when
acetate was used as the carbon source than when propionate was
used. Methane fermentation stops when the S2� concentration
reaches approximately 300 mg/L.

Synergistic effect of NH4
D and S2L on methane production

performance Because the methane production rate was inhibi-
ted even at a S2� concentration of 50 mg/L, the synergistic effect of
NH4

þ and S2� (50 mg/L) on the methane production performance
was investigated. As shown in Fig. 6, the methane production rate
decreased and the duration of the lag phase increased with an
increase in the NH4

þ concentration, regardless of the carbon
source. With the same amount of NH4

þ, the methane production
rate was higher and the lag phase was shorter when acetate was
used as the carbon source.

The inhibition rates in the presence of the inhibitors were
calculated using Eq. 3, and the epsilon values were calculated using
Eq. 4. For example, the inhibition ratio with addition of NH4

þ

(1000mg/L) and S2� (50 mg/L) was 24.5% when acetate was used as
the carbon source; the individual inhibition ratio with addition of



FIG. 6. Effect of co-existence of NH4
þ and S2� on (A) the methane production rate and

(B) the duration of the lag phase at 53�C and pH 7.0 using acetate or propionate as
carbon source. X-axis shows the concentration of added NH4

þ.

VOL. 127, 2019 AMMONIUM AND SULFIDE INHIBITION ON METHANE PRODUCTION 351
NH4
þ (1000 mg/L) was 19.8%, and the individual inhibition ratio

with addition of S2� (50 mg/L) was 4.7%. The epsilon value was
calculated as: ε ¼ (1 � 0.245) � (1 � 0.198) � (1 � 0.047) ¼ �0.009.

As shown in Table 4, the epsilon values obtained when NH4
þ and

S2� were coexistent ranged from �0.064 to 0.056, except for the
epsilon value obtained with an NH4

þ concentration of 3000 mg/L
and S2� concentration of 50 mg/L using propionate as the carbon
source. As reported by Torres et al. (34), inhibitor pairings with
ε > 0.1 are considered antagonistic effect, while pairings with
ε < �0.1 are considered synergistic effect. Therefore, there was
almost no synergistic or antagonistic effect in the tested addition
amounts of NH4

þ and S2�. Thus, the methane production rate when
NH4

þ (� 5000 mg/L) and S2� (¼ 50 mg/L) are co-existent could be
expected to follow a simple additive of the methane production
rate with the individual inhibitors.

As shown in Table 3, the C50 achieved when NH4
þ and S2� were

co-existent was 2963.8mg/Lwith the use of acetate and 2466.6mg/L
TABLE 4. Inhibition ratio and epsilon values (ε) for determining synergistic effect of
NH4

þ and S2� at 53�C and pH 7.0.

Carbon source NH4
þ (mg/L) Inhibition ratio (%) ε at S2� of 50 mg/L

S2� of 0 mg/L S2� of 50 mg/L

Acetate 0 0 4.7 0
1000 19.8 24.5 �0.009
2000 34.2 33.5 0.038
3000 46.8 51.4 �0.021
4000 75.5 78.4 �0.017
5000 95.3 93.8 0.017

Propionate 0 0 11.3 0
1000 19.7 31.0 �0.022
2000 42.4 43.3 0.056
3000 51.4 69.0 �0.121
4000 85.6 93.6 �0.064
5000 92.6 95.1 �0.017
when propionate was used as the carbon source, which is similar to
the C50 obtained in the presence of NH4

þ only. On the other hand, the
C* obtained with co-existent NH4

þ and S2� was 4442.1 mg/L using
acetate and 3793.7 mg/L using propionate as the carbon source,
which was lower than the C* obtained with NH4

þ only. This obser-
vation indicates that it is more risk for methane fermentation when
treating feedstock with a low C/N ratio and low C/S ratio. This result
also demonstrates the importance of alleviating NH4

þ and/or S2�

inhibition to enhance methanogenesis.
In summary, thermophilic methane fermentation gave rise to a

higher methane production rate than mesophilic methane
fermentation. The methane production rate decreased and the
duration of the lag phase increased when methane fermentation
was inhibited by NH4

þ and/or S2�. VFAs like acetic acid and/or
popionic acid commonly accumulate during methane fermentation
with NH4

þ and/or S2� inhibition. For methane fermentation that is
not acclimated to high NH4

þ concentration, the critical NH4
þ con-

centration, C*, beyond which methane fermentation would stop
was 4000e5650 mg/L depending on the pH and temperature, and
C* decreased to 3800e4400 mg/L when NH4

þ and S2� were coex-
istent. Therefore, it is important to control the NH4

þ concentration
or/and to decrease the H2S concentration in biogas during methane
fermentation to avoid unsuccessful fermentation.
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