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h i g h l i g h t s

� Thermophilic methane fermentation
of chicken manure was studied at 10%
TS.
� Ammonia inhibition was evaluated by

long time operation of continuous
experiment.
� Methanogenesis was more sensitive

to ammonia than acidogenesis and
hydrolysis.
� Microbial community shifts were

characterized by 16S rDNA cloning
library.
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a b s t r a c t

The thermophilic methane fermentation of chicken manure (CM) with a total solids (TS) of approximately
10% was investigated with regard to ammonia inhibition. A gradual increase in total ammonia nitrogen to
6000 mg/L was observed in the case of raw CM fermentation. A distinct rise in VFA accumulation com-
bined with a low methane production of 0.29 L/gVS occurred at a TAN of 4000 � 5000 mg/L. Biogas pro-
duction completely ceased when TAN reached 8000 mg/L after the addition of NH4HCO3. The high
sensitivity of methanogenesis to TAN and free ammonia (FA) was quantitatively confirmed. The IC50 of
TAN for methanogenesis, acidogenesis and hydrolysis was 5058, 5305 and 5707 mg/L at a pH value of
8.1 ± 0.2. Similar results but with a lower IC50 were obtained for FA inhibition during fermentation.
The microbial community analysis revealed significant differences in hydrogenotrophic methanogens
and aceticlastic methanogens before and after inhibition.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chicken manure (CM) is a typical agriculture waste with a high
fraction of biodegradable organic matter. In 2008, about 13 million
tons of CM was produced in Japan [1]. This huge amount of CM is
mainly treated by incineration and composting. However, due to

secondary pollutant emissions, both of these methods are contro-
versial [2].

Methane fermentation, a widely used technology to stabilize or-
ganic waste and simultaneously generate energy in the form of
biogas [3], has been proposed as a method for treating CM. Ther-
mophilic fermentation in particular has been attracting more and
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more attention due to the high rate of biogas production, the short
hydraulic retention time (HRT) and improved pathogen destruc-
tion. Thermophilic fermentation has been applied to many cases,
such as sludge, municipal solid waste, cattle manure, poultry man-
ure and corn grain ethanol industry waste treatment [4–6]. Com-
pared with the mesophilic process, however, the thermophilic
process is more sensitive to changes in pH, VFA, ammonia and
toxic substrates. Nitrogen overloading has been shown to have a
significant negative influence on methanogenic activity, and can
render a reactor unstable. The TAN concentration of 3000–
4000 mg/L is regarded to be at the edge of inhibition. Even at a
low TAN of 1700 mg/L, inhibition occurrence has been reported
[7]. Hashimoto reported that both thermophilic and mesophilic
processes are inhibited at a TAN of 2500 mg/L [8]. Thermophilic
fermentation has been reported to be unsuccessful for the rela-
tively low nitrogen content in pig waste [9]. The fermentation of
swine manure as the sole substrate has been shown in earlier re-
ports to be unsuccessful, mainly due to the high content of ammo-
nia in the waste [8]. It has been shown that FA is a crucial fraction
of TAN for inhibition [10].

Individual volatile fatty acids (VFAs) can be used as process sta-
bility indicators in methane fermentation. Among them, butyrate
and isobutyrate acid have been shown to provide especially sensi-
tive results [11]. Acetic and propionic acid were the most abundant
VFAs in manure digestion. VFA accumulated as Ammonia inhibi-
tion occurred, in effect indicating the extent of the inhibition.

It should be noted that CM is a high nitrogen content organic
waste with nitrogen levels much higher than those of cow manure,
food waste, pig manure and waste active sludge [12]. Hydrolysis in
thermophilic is faster than mesophilic which in itself makes CM
thermophilic fermentation a higher risk process [13]. More impor-
tantly, nitrogen inhibition is the result of chronic accumulation
during the operation of the reactor. The high concentration of
ammonium and volatile fatty acids (VFAs) tend to occur simulta-
neously, resulting in a stable pH. It was decided that the only
way to get convincing results on the chronic inhibition effect is
to operate the reactor in a long term.

Moreover, neither the whole performance nor the mechanism
of ammonium inhibition of thermophilic CM fermentation has
yet to be revealed in detail. Alternative methods of reducing the
nitrogen loading are by diluting CM to a low TS of 0.5–3% [14] or
mixing the CM with other livestock manure or sludge [15]. These
methods tend to increase the amount of final discharged waste
water and result in a more complex process system. The effective-
ness of high solid and sole CM fermentation needs further
investigation.

In the present research, a 240 days’ thermophilic fermentation
process using a continuous stirred tank reactor (CSTR) fed with
high solid CM was performed to investigate the followings: (1)
the methane yields from raw CM and ammonia stripping CM, (2)
the inhibition predisposing factor of high solid and high nitrogen
CM fermentation, (3) the effect of nitrogen inhibition on methano-
genesis, acidogenesis and hydrolysis, (4) the microorganism com-
munity evolution before and after inhibition.

2. Material and methods

2.1. CM properties

Original CM with TS of 44.3% was kept in the refrigerator at 4 �C.
Raw CM was diluted to 10 ± 2% TS content with tap water. The di-
luted CM was shredded into slurry and was provided for the CSTR
reactor. The shredded CM was stored in a substrate tank with 4 �C
cooling water circulation to avoid microbial activity. The raw CM
was pretreated to reduce nitrogen through ammonia fermentation

and ammonia stripping. The ammonia stripped CM, hereafter re-
ferred to as pretreated CM, and had a lower nitrogen substrate than
the Raw CM. Both the pretreated CM and raw CM were used in the
experiments respectively. The Total Solid (TS), Total Volatile Solid
(TVS), Total COD (TCOD), NHþ4 —N and Total Nitrogen (TN) were
analyzed to ascertain the stability of the substrate stability. The
characteristics of CM are given in Table 1.

2.2. CSTR operation procedure

A schematic diagram of the experimental device is provided in
Fig. 1. A lab-scale continuous stirred tank reactor (CSTR) with a
working volume of 12 L (total 15 L) was operated under thermo-
philic (55 ± 1 �C) conditions. The reactor was warmed by water cir-
culation and agitated with a motor. A wet gas meter was used to
measure the daily biogas amount. The substrate tank was stirred
with 200–300 RPM to keep the CM at a uniform semisolid state.
The TS content of the feedstock was adjusted to about 10% by add-
ing tap water. The HRT was set at 30 days. The daily feedstock
amount was 0.4 L with OLR 0.21 kg/gd. The peristaltic influent
pump with a timer was used to control the feeding at 12 times
per day to reduce feeding shock. Each feed was lower than 1% of
the reactor working volume. Seed sludge with TS of 3.1% was sam-
pled from thermophilic anaerobic digestion of municipal sewage
treatment plant.

2.3. Analytical methods

The analyses of pH, alkalinity, COD, total ammonia nitrogen
(TAN), TS and TVS were performed according to Japan standard
methods [16]. The VFA concentration was determined by gas chro-
matography (Agilent-6890) equipped with a DB-WAXetr capillary
column (30 m 0.53 mm 1 lm) and an FID detector. The carrier gas
was Helium, with a pressure of 30.4 kPa, injected at a rate of
399 mL min�1. The temperature of the injection port and detector
were 250 �C and 250 �C, respectively. The oven temperature was
set at 125–180�Cat a speed of 15 �C min�1.

Biogas was calibrated to that under standard conditions (0 �C;
1.013 bar). The biogas composition was measured by a gas chro-
matograph (SHIMADZU GC-8A) equipped with a thermal

Table 1
Characteristics of raw CM and ammonia stripping CM.

Constituent Unit Average (n = 6) SD (±)

Raw CM element analysis
TS (%) 11.2 0.53
VS (%) 8.27 0.83
SS (%) 10.1 0.11
VSS (%) 7.55 0.67
T-COD (mg/L) 102,600 3200
TN (mg/L) 6450 810
TAN (mg/L) 3850 200
C % 35.2 0.45
H % 4.83 0.05
N % 5.44 0.24
O % 30.12 0.18
S % 0.84 0.10

Ammonia stripping CM
TS (%) 8.93 0.144
VS (%) 6.13 0.197
SS (%) 0.79 0.049
VSS (%) 5.59 0.046
T-COD (mg/L) 94400 8230
TN (mg/L) 3590 570
TAN (mg/L) 2500 100

T-COD: total COD, TN: total nitrogen, TAN: total ammonia nitrogen, C:C element in
dry CM.
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