
A

L
a

1
b

c

a

A
R
R
A
A

K
A
A
A
P
S

1

c
r
e
a
E
m
t
t
p
c
m
m
t
i
t
a
h

0
d

Journal of Hazardous Materials 199– 200 (2012) 36– 42

Contents lists available at SciVerse ScienceDirect

Journal  of  Hazardous  Materials

j our na l ho me p age: www.elsev ier .com/ locate / jhazmat

mmonia  stripping  for  enhanced  biomethanization  of  piggery  wastewater

ei  Zhanga,b,1, Yong-Woo  Leec, Deokjin  Jahngb,∗

Key Laboratory of Industrial Ecology and Environmental Engineering, School of Environmental Science and Technology, Dalian University of Technology, Linggong Road 2, Dalian
16024, PR China
Department of Environmental Engineering and Biotechnology, Myongji University, San 38-2, Namdong, Cheoin-Gu, Yongin, Gyeonggi-Do, 449-728, Republic of Korea
Major in Chemistry & Applied Chemistry, College of Science and Technology, Hanyang University, 1271 Sa-3 Dong, Sangnok-Gu, Ansan, Gyeonggi-Do 426-791, Republic of Korea

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 9 May  2011
eceived in revised form 14 October 2011
ccepted 14 October 2011
vailable online 20 October 2011

eywords:
mmonia stripping

a  b  s  t  r  a  c  t

In  this  study,  the effects  of  ammonia  removal  by  air stripping  as  a pretreatment  on  the  anaerobic
digestion  of  piggery  wastewater  were  investigated.  Ammonia  stripping  results  indicated  that  ammonia
removal  was  strongly  dependent  on  pH  and  aeration  rate,  and  the ammonia  removal  rate  followed  the
pseudo-first-order  kinetics.  A significant  enhancement  of  biomethanization  was  observed  for  wastew-
aters  of  which  ammonia  was  air-stripped  at pH  9.5 and  pH 10.0.  The  methane  productivity  increased
from  0.23  ±  0.08  L  CH4/L  d of the  control  (raw  piggery  wastewater)  to  0.75  ±  0.11  L  CH4/L  d (ammonia-
stripped  at  pH 9.5)  and  0.57  ± 0.04  L CH4/L  d (ammonia-stripped  at pH  10.0).  However,  the  improvement
mmonia inhibition
naerobic digestion
iggery wastewater
odium inhibition

of  methane  production  from  the  piggery  wastewater  pretreated  at  pH  11.0  was  negligible  compared  to
the control,  which  was  thought  to be due  to the  high  concentration  of sodium  ions  supplied  from  sodium
hydroxide  for  pH  adjustment.  From  these  results,  it  was  concluded  that  ammonia  removal  through  air
stripping  at the alkaline  pH  could  be  a  viable  option  for preventing  the  failure  of  anaerobic  digestion
of  the  raw  piggery  wastewater.  Additionally,  it was  also  found  that  a high  concentration  of  sodium  ion
originated  from  sodium  hydroxide  for  pH  adjustment  inhibited  methane  production.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Anaerobic digestion has been recommended as a primary pro-
ess for treating piggery wastewater, because through which waste
eduction, energy production (biogas) and mitigation of pollutant
missions (odor, greenhouse gases and animal pathogens) can be
ccomplished [1,2]. For example, many farm digesters running in
uropean countries (most of them with animal manure as the
ain substrate) indicate that anaerobic digestion is applicable in

he field. However, the economic feasibility of anaerobic digester
reating animal manure was often reported low because biogas
roduction was not satisfactory. One reason might be due to the
haracteristics of feeding substrates. In many cases, the organic
atter is diluted with cleaning water and the fraction of inert
aterials in the animal manure is high. The high ammonia concen-

ration (3.0–6.0 g NH4
+–N/L) has often been identified as another

mportant technical reason for the low level of biogas produc-

ion and unstable system operation [3].  Furthermore, the high
mmonia concentration in the effluent of anaerobic digestion also
inders the performance of subsequent biological processes, such

∗ Corresponding author. Tel.: +82 31 330 6690; fax: +82 31 336 6336.
E-mail addresses: wxzyfx@yahoo.com (L. Zhang), djahng@mju.ac.kr (D. Jahng).

1 Tel.: +86 411 84707 669; fax: +86 411 84707448.

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.10.049
as the conventional activated sludge system and the biological A/O
(anoxic/oxic) process [4].

In order to mitigate the ammonia inhibition without chang-
ing the ammonia level, addition of mineral materials and lowering
the temperature from thermophilic to mesophilic conditions were
attempted [5].  Decreasing the ammonia concentration was  another
way  to avoid ammonia inhibition. In order to lower the concentra-
tion of ammonia, many methods have been practiced. For example,
the dilution of the wastewater with fresh water was found to be
effective [5,6]. However, this dilution method worsens the eco-
nomic feasibility of the anaerobic digestion of piggery wastewater
due to reduced mass retention time and gas production efficiency
as well as the increased dewatering cost. Several different physi-
cal, chemical and biological methods, including zeolite adsorption
[7],  ammonia stripping [8–10], chemical precipitation [11] and a
biological A/O process [12] have been investigated for ammonia
removal or recovery.

Among these processes, the ammonia stripping method is
thought to be the most applicable, especially for wastewaters con-
taining high concentrations of ammonia, such as SSFW (source
sorted food waste) digestate [10], chicken manure [13] and poultry

litter leachate [14], because this method generates no extra sludge
and is associated with modest reagent costs and an easy operation.
In this process, the free ammonia is stripped out of the wastewater
and enters the gas phase. The efficiency of ammonia stripping is

dx.doi.org/10.1016/j.jhazmat.2011.10.049
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wxzyfx@yahoo.com
mailto:djahng@mju.ac.kr
dx.doi.org/10.1016/j.jhazmat.2011.10.049
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trongly dependent on two thermodynamic equilibria, the Henry’s
aw equilibrium (Eq. (1))  and the ammonia dissociation equilibrium
Eqs. (2) and (3))  [8].

 = Kcc (1)

H4
+ � NH3 + H+ (2)

[NH3]
[TNH3] =

(
1 + 10−pH

10−(0.09018+2729.92/T(K))

)
(3)

ere, p is the partial pressure of the ammonia gas, c is its molar con-
entration in the liquid phase, and Kc is the Henry’s law constant.
NH3] and [TNH3] represent the concentrations of free ammonia
nd the sum of free ammonia and ammonium ion, respectively. T
K) is the Kelvin temperature. As shown in Eq. (3),  the free ammonia
oncentration in the aqueous phase depends on the pH and tem-
erature. Higher pH and temperature lead to a higher free ammonia
raction. Liao et al. [9] and Bonmatí and Flotats [8] found that alka-
ine pH (10.5–11.5) and high temperature (80 ◦C) were required
o achieve high ammonia removal efficiency from piggery slurry.

ass transfer rate of ammonia was also controlled by air flow rate.
n biogas stripping of SSFW (source-sorted food waste) digestate,
.5-fold increase in the ammonia removal rate was observed when
he flow rate increased from 0.125 to 0.375 Lbiogas L−1

digestate min−1

10].
Yang et al. [15] reported that the swine wastewater pretreated

n an ammonia stripping process resulted in enhanced acidogen-
sis. In comparison to the control (4.0 g NH4

+–N/L), a maximum
f 4.7 folds higher acidification was achieved for the ammonia-
tripped piggery wastewater (0.8 g NH4

+–N/L). However, Bonmatí
nd Flotats [8] concluded that ammonia stripping, as a pretreat-
ent method, was not feasible. They ascribed the infeasibility to

he high concentration of remaining free ammonia, the extra cost
o neutralize the high pH (8.5–9.9) and the presence of heavy met-
ls, which would be concentrated by air stripping. Considering
he conflicting results of ammonia removal on anaerobic process,
herefore, it is necessary to evaluate the effect of the ammonia
tripping of piggery wastewater on its anaerobic digestion.

In this study, the feasibility of ammonia stripping as a pretreat-
ent method for the anaerobic digestion of piggery wastewater
as systematically evaluated. First, the buffering capacity of pig-

ery wastewater and the effects of the operational parameters
or ammonia stripping (dosage of sodium hydroxide, pH and aer-
tion rate) on ammonia removal were examined. Secondly, the
ffects of ammonia removal on the anaerobic digestion of piggery
astewater were investigated in batch experiments. Finally, the

easibility of different ammonia stripping conditions on subsequent
naerobic digestion was carefully monitored in semi-continuous
xperiments.

. Materials and methods

.1. Piggery wastewater and seed sludge

The raw piggery wastewater used in this study was obtained
rom a farm near the Yongin Wastewater Treatment Plant in Yon-
in, Republic of Korea, and was stored at 4 ◦C. The unacclimated
noculum (about 25 g/L of VSS) was obtained from a domestic
naerobic sludge digester at the Yongin Wastewater Treatment

lant, and the inoculum (approximately 15 g/L of VSS) acclimated
o a high concentration of ammonia was obtained from the 20-

 bench scale digester treating 2-fold diluted piggery wastewater
ontaining approximately 4.0 g NH4

+–N/L for more than a year.
Fig. 1. Schematic diagram of the ammonia stripping reactor of piggery wastewater.
(1)  20% NaOH solution, (2) 50% H2SO4 solution, (3) condenser, (4) air pump, (5) main
reactor vessel, (6) temperature controller, (7) effluent port.

2.2. Measurement of buffering capacity

While being magnetically stirred, a 40% (w/w) sodium hydrox-
ide solution was gradually added through a volumetric burette to
500 mL  piggery wastewater or mixed liquor (7000 mg/L of VSS)
from an MBR  (membrane bioreactor) treating domestic wastew-
ater. When the pH was  stabilized, the cumulative volume of added
sodium hydroxide solution and the corresponding pH values were
recorded. The sodium ion concentration was calculated from the
added amount of sodium hydroxide.

2.3. Experimental setup and procedure

2.3.1. Ammonia stripping experiments
Ammonia stripping of the piggery wastewater was conducted

in a 1.0 L reactor (ID 80 mm × H 200 mm)  with a working volume
of 0.5 L as shown in Fig. 1. Air was  introduced into the liquid phase
via an aquatic air stone. The air flow rate was  controlled at 1.0, 2.0,
4.0 or 10.0 L L−1 min−1 by a flow meter, and the pH of the wastew-
ater was  adjusted to pH 9.0, pH 9.5, pH 10.0 or pH 11.0 using a 40%
(w/w)  sodium hydroxide solution. Considering volume changes by
pH adjustment and water evaporation, the real ammonia concen-
trations in each set of experiment were experimentally determined.
The ammonia stripping reactor was kept at 37 ◦C. The exhaust gas
was  passed through solutions of 50% (w/w)  H2SO4 and 20% (w/w)
sodium hydroxide to prevent release of ammonia and other volatile
compounds into atmosphere.

2.3.2. Batch biomethanization of ammonia-stripped piggery
wastewater

Batch anaerobic digestion was  performed in a 160-mL serum
bottle with the working volume of 50 mL.  The main focus of this
section was  to show the kinetics of biogas generation during
the first day rather than to obtain the ultimate methane yield.
The unacclimated sludge was  used as an inoculum, and raw pig-
gery wastewater and ammonia-stripped piggery wastewaters were
used as substrates. Each bottle contained 0.53 g COD of biomass
as an inoculum. The control reactor contained 1.24 g COD per
bottle as a substrate (raw piggery wastewater). The bottles receiv-
ing pH 7.2, pH 9.0, pH 10.0, and pH 11.0 air-stripped piggery
wastewater contained 1.09, 1.15, 1.15, and 1.16 g COD per bottle as

substrate, respectively. Likewise, the bottles receiving 0 L L min−1,
1.0 L L min−1, 2.0 L L min−1, 4.0 L L min−1, and 10.0 L L min−1 air-
stripped piggery wastewater contained 1.22, 1.07, 1.00, 0.83, and
0.63 g COD per bottle as substrate, respectively. Finally, distilled
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Table 1
Characteristics of the raw piggery wastewater used in this study.

General feature (g/L)
pH 6.64
Total solid 59.5
Volatile solid 38.9
TCOD 94.2
SCOD 54.2
Alkalinity as CaCO3 7.0
TKN 7.6
NH4

+–N 4.95
Proteins 16.6
Lipids 2.30
Acetate 14.23
Propionate 4.35
iso-Butyrate 1.53
n-Butyrate 4.88
iso-Valerate 1.70
n-Valerate 0.75
Total VFA 23.57

Metal element (mg/L)
Na 606.65
K  3956.82
Ca 1775.03
Mg  672.15
Ag 0.017
Cd 0.014
Co 0.119
Cr 0.169
Cu 39.18
Mn  24.93
Mo 0.420
Ni 0.454
Zn 154.54
8 L. Zhang et al. / Journal of Hazar

ater was added up to 50 mL.  The ISR (inoculum substrate ratio)
as 0.53 ± 0.13. Different amounts of NH4Cl were added to adjust

he ammonia concentrations until they were equal to the level of
he substrates (0.36–4.8 g NH4

+–N/L, as shown in the table inset
f Fig. 4C. Before incubation, the pH of the ammonia-stripped and
aw piggery wastewaters was adjusted to pH 7.7–7.8 using 6.0 M
ydrochloric acid. Since small volume of the acid solution (<0.2 mL)
as added, volume change was regarded as negligible. The bottle
as flushed with nitrogen gas for 3 min, closed with a rubber stop-
er and sealed with an aluminum crimp. It was then incubated in a
haking incubator at 37 ◦C and 140 rpm. The bottle containing the
noculum without any added substrate was run as the seed con-
rol. The produced biogas (mainly containing methane and CO2)
as stored in the headspace of each reactor (serum bottle). Since

he headspace of reactor was filled with known amount of inert
itrogen gas, the composition of mixed gas (biogas plus nitrogen
as) changed with incubation time. The mixed gas composition
as determined by GC, which detected nitrogen, methane and CO2.
ccording to the change of gas composition, the amount of methane
nd CO2 was calculated as described by Angelidaki and Sanders [16]
nd Zhang and Jahng [17]. The methane production from the seed
ontrols was subtracted. All experiments were run in duplicate.

.3.3. Semi-continuous biomethanization of ammonia-stripped
iggery wastewater

Semi-continuous anaerobic digestion was carried out in a 500-
L Schott Duran bottle with the 200 mL  working volume. Initially,

he bottles were filled with 190 mL  acclimated seed and the 10 mL
ubstrate (raw or piggery wastewaters air-stripped at pH 9.0, pH
0.0 and pH 11.0). The bottles were flushed with nitrogen gas for

 min  and incubated in a shaking incubator at 37 ◦C and 140 rpm. On
he second and third days, the bottles were fed with 10 mL  substrate
sing a 20 mL  syringe. On the fourth day, the gas in the headspace
as released, and the stopper was opened. The 30 mL  solution in

he bottle was then withdrawn, and 10 mL  fresh substrate was
dded. All operations were preformed under nitrogen atmosphere.
y repeating this 4-day cycle, the HRT/SRT was approximately 20
ays. Similarly to batch experiments, the produced biogas during
ach withdrawing-feeding cycle was also stored in the headspace of
ach reactor. The gas composition was analyzed every day before
eeding the substrate or opening the stopper. The daily methane
roduction rate was calculated according to the change of the ratio
etween methane and nitrogen [17]. In order to ensure sufficient
cclimation and to achieve a steady state, the experiment was  con-
ucted for nearly 90 days.

.4. Analytical methods

Total suspended solids (TSS), volatile suspended solids (VSS)
ere measured following the procedures listed in the Standard
ethods [18]. The pH values of the samples were determined

sing a pH meter (Orion, Model 370). Total Kjeldahl nitrogen
TKN) was analyzed using a Kjeldahl apparatus (Kjeltec 2100,
oss, Sweden), and total ammonium content was  determined
y the Kjeldahl method without the destruction step [17]. Lipid
as gravimetrically measured [19]. The protein content was

stimated by multiplying the organic nitrogen value (TKN sub-
racted by total ammonia nitrogen) by 6.25 [17]. The biogas
omposition (CH4 and CO2) was determined using a HP-6890
as chromatograph (GC) (Hewlett Packard 6890, PA, USA) with

 thermal conductivity detector (TCD) and a HP-Plot Q col-
mn  (30 m × 0.32 mm × 20 �m)  [17]. VFAs were determined using

nother GC (M600D, Younglin, Korea) with a flame ionization
etector (FID) and a HP-INNOWAX (30 m × 0.25 mm × 0.25 �m)
olumn [17]. Metal analysis was carried out using an ion coupled
lasma-atomic emission spectrometer (ICP-AES) (OPTIMA 4300DV,
Fe 98.91
Al 41.28

PerkinElmer, USA) or an inductively coupled plasma-mass spec-
trometer (ICP-MS) (ELAN6100, PerkinElmer SCIEX, USA) [17].

3. Results and discussion

3.1. Characterization of piggery wastewater

3.1.1. General feature
As shown in Table 1, TS, VS, total and soluble COD’s of the piggery

wastewater used in this study were 59.5 g/L, 38.9 g/L, 94.2 g/L and
54.2 g/L, respectively. About half of soluble COD was contributed by
short chain fatty acids (27.44 g/L), which were reported as readily
utilizable substrates for biomethanization. The piggery wastewa-
ter also contained 2.3 g/L lipid and 16.6 g/L protein. Other important
features of the piggery wastewater were extremely high concen-
trations of TKN (7.6 g-N/L) and ammonia (4.95 g-N/L). As for metal
elements, the piggery wastewater contained high concentrations
of light metals, such as Na, K, Ca, and Mg,  and trace elements, such
as Co, Mo,  Ni, and Fe, which could play essential roles in anaerobic
digestion [20].

3.1.2. Buffering capacity of piggery wastewater
The relationships among the pH, sodium hydroxide dosage and

salinity as Na+ were examined before the ammonia stripping of the
piggery wastewater, because these parameters can influence the
ammonia removal efficiency, reagent cost and biological treatabil-
ity. As shown in Fig. 2, the pH followed different paths for different
wastewaters (piggery wastewater and mixed liquor of MBR) when
sodium hydroxide was added. For example, the amounts of sodium

hydroxide needed to increase the pH of the wastewaters to pH 11.0
were 0.845 g/L and 14.21 g/L for the mixed liquor of MBR  and the
piggery wastewater, respectively. The different pH responses to
the addition of sodium hydroxide was mainly due to the different
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Fig. 3. Ammonia removal kinetics by air stripping at various initial pH values (A)
and aeration rates (B). Initial ammonia concentrations ranged from 3.91–4.55 g
NH4

+–N/L. C0 and C represent the ammonia concentrations at time 0 and t, respec-
Sali nity as  Na  (g/L)

Fig. 2. Relationships among pH, NaOH dosage and salinity.

evels of alkalinity, as determined by the concentrations of the
ydroxides, carbonates, and bicarbonate salts of calcium, magne-
ium, sodium, potassium and ammonia. It has been known that the
iggery wastewater contains higher alkalinity (7.0 g/L as CaCO3)
han other types of wastewaters [21] as seen in Fig. 2. When the
H was adjusted to pH 9.0, pH 9.5, pH 10.0 and pH 11.0 for the
iggery wastewater used in this study, the resulting salinities as
a+ were 2.67, 4.44, 6.29 and 8.18 g/L, respectively, due to a high
uffering capacity of the piggery wastewater. Yang et al. [15] also
eported that the final Na+ concentration in the wastewater was
.3 g/L, when the pH of the raw piggery wastewater was  adjusted
o pH 10.25 using 6.0 M sodium hydroxide. This level of sodium
ons was higher than that of typical food waste [20].

.2. Optimization of ammonia stripping conditions

For the ammonia stripping of the piggery wastewater, the plot
f the natural logarithm of ammonia concentration vs. aeration
ime yielded reasonably straight lines (Fig. 3). To compare ammonia
emoval rates, the obtained data were fitted to a general first-order
xpression as shown in Eq. (4),  and the value of a pseudo-first-order
ate constant k was estimated (Table 2).

d[NH3–N]
dt

= −k[NH3–N] (4)
ig. 3A shows that ammonia removal increased as the initial pH
ncreased because of the shift in the equilibrium between ammo-
ia (NH3) and ammonium ions (NH4

+). As shown in Table 2, the

able 2
stimated pseudo-first-order rate constant (k) of ammonia removal kinetics by
atch ammonia stripping under different conditions.

Ammonia stripping condition k (h−1) Ra

pH (aeration rate = 1.0 L L−1 min−1)

pH 7.2 0.00677 0.9963
pH 9.0 0.01369 0.9831
pH 10.0 0.03352 0.9888
pH 11.0 0.04524 0.9726

Aeration rate (initial pH = 9.0)

1.0 L L−1 min−1 0.01266 0.9698
2.0 L L−1 min−1 0.02040 0.9721
4.0 L L−1 min−1 0.03020 0.9543
10.0 L L−1 min−1 0.16562 0.9714

a R is the linear regression coefficient for the plot of ln (C/C0) vs. the reaction time
h) shown in Fig. 3.
tively.

rate constant k for ammonia removal increased nearly 8-fold (from
0.00677 h−1 to 0.04524 h−1) when the initial pH increased from pH
7.2 to pH 11.0. After 48 h of air stripping, the ammonia removal at
pH 7.2, pH 9.0, pH 10.0 and pH 11.0 were 28.0%, 47.0%, 80.0% and
88.1%, respectively. At pH 10.0 and pH 11.0, the final concentrations
of ammonia were 838 and 465 mg  NH4

+–N/L, respectively.
The aeration rate was another decisive parameter for ammonia

removal. As shown in Fig. 3B, the ammonia removal rate increased
as the aeration rate increased. As shown in Table 2, the pseudo-
first-order rate constant (k) for ammonia removal increased from
0.01266 h−1 at 1.0 L L−1 min−1 to 0.16562 h−1 at 10.0 L L−1 min−1.
After 48 h of air stripping, the ammonia removals were 46.0%,
62.2%, 77.9% and 92.0% for 1.0, 2.0, 4.0 and 10.0 L L−1 min−1,
respectively. At 4.0 L L−1 min−1 and 10.0 L L−1 min−1, the residual
ammonia concentrations were 997 and 359 mg NH4

+–N/L, respec-
tively. At 10.0 L L−1 min−1, the ammonia was  rapidly removed, and
the ammonia removal reached 88.2% after 12 h of air stripping.
However, the high aeration rate was known to cause problems
such as water evaporation as well as the foaming and cooling of
the wastewater [9,10].  It was  also observed that organic matters
were degraded during ammonia stripping. The TCOD and SCOD

decreased when the pH was  near neutral at 1.0 L L−1 min−1 or when
aeration rate was higher than 4.0 L L−1 min−1 at pH 9.0. This was
explained by the aerobic biological degradation and the stripping
out of volatile compounds such as volatile fatty acids.
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Fig. 4. Batch anaerobic digestion of piggery wastewaters treated at different air stripping conditions: different initial pH (A), different aeration rate (B), the relationship
b robic
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etween the 20-day methane yield and the initial ammonia concentration (C). Anae

.3. Batch biomethanization of ammonia-stripped piggery
astewater

Fig. 4 shows the performance of batch biomethanization of
he piggery wastewater air-stripped at different conditions using
n unacclimated inoculum. The methane production was strongly
ffected by air stripping conditions. In the controls (anaero-
ic digestion of the raw piggery wastewater), only negligible
mount of methane was generated during 20 days of experi-
ental period. By contrast, the ammonia stripping significantly

nhanced the methanization of piggery wastewaters. Shorter lag
hase and faster methane production were observed for the air
tripping conditions of higher initial pHs (pH 9.0, 10.0 and 11.0)
Fig. 4A). Similarly, the higher aeration rates also facilitated the

aster methane evolution (Fig. 4B). However, the excess aeration
10.0 L L−1 min−1) resulted in a lower and slower methane pro-
uction, which was mainly due to the aerobic degradation and
rganics loss by air stripping. Fig. 4C summarizes the relationship
 digestion was  carried out using an unacclimated seed sludge.

of methane yield and initial ammonia concentration. The methane
yield decreased as the ammonia concentration increased, but
the maximum yield was  observed at ammonia concentration of
838 mg  NH4

+–N/L. Masoud [6] also found that a high-solid anaer-
obic digester performed the best when operated in the narrow
range of 600–800 mg  NH4

+–N/L. Since ammonia serves as a nutri-
ent, there must be an optimal concentration for the growth of
microorganisms. However, different inocula exhibited different
sensitivities to ammonia. It was  reported that acclimation to
ammonia effectively mitigated the extent of ammonia inhibition
[6]. In our study, a higher IC50 (50% inhibition concentration)
value (4.03 NH4

+–N/L) for the acclimated inoculum was observed,
which was  a 1.8-fold higher than that (2.22 g NH4

+–N/L) of the
unacclimated inoculum (data not shown). However, regardless

of which inoculum was  used, strong ammonia inhibition was
observed for the ammonia concentrations between 3.0 and 6.0 g
NH4

+–N/L. This result was  in agreement with findings of Hansen
et al. [3].
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.4. Semi-continuous biomethanization of ammonia-stripped
iggery wastewater

Fig. 5 and Table 3 show the methane production and other
erformance parameters for the anaerobic digestion of the raw
iggery wastewater as compared to the ammonia-removed pig-
ery wastewaters by air stripping at pH 9.5, pH 10.0 and pH 11.0.
s shown in Fig. 5, for all cases the daily methane production
radually increased by more than 2 folds (from 0.24–0.28 L/L d to
.64–0.73 L/L d) during days 0–14. This increase of the methane
roduction was attributed to the acclimation of microorganisms to
he ammonia and the increased organic loading rate (2.8 g COD/L d
s. 3.28–4.71 g COD/L d). From days 15, however, the methane pro-
uction was significantly affected by the conditions of ammonia
tripping (Fig. 5).
In the anaerobic digestion of the raw piggery wastewater, the
ethane productivity decreased from 0.45 L CH4/L d at days 15

o 0.09 L CH4/L d at days 67. The average methane yield was
semi-continuous anaerobic digestion (The data were extracted from Fig. 6 after
acclimation period of 2 weeks).

49.2 ± 16.6 mL  CH4/g CODadded, which was significantly lower than
the theoretical value (350 mL  CH4/g CODadded) [22]. This declining
pattern was  explained by the increase of the ammonia concentra-
tion, because the ammonia concentration gradually increased from
4.4 to 5.5 g NH4

+–N/L from days 0–14. Considering that the seed had
well been acclimated at 4.4 g NH4

+–N/L in a bench scale reactor,
the methanogens were thought to adapt to the increased ammonia
concentrations from 4.4 to 5.5 g NH4

+–N/L. A further increase of the
ammonia concentration to 6.30 g NH4

+–N/L resulted in significant
ammonia inhibition. In addition to the lower methane productivity
and yield, reduction of removal rates of TCOD and SCOD (approxi-
mately 20% and 13%, respectively) were also observed (Table 3). The
level of VFA in the effluent was extremely high (21.15 g/L), which
was  only slightly lower than that of the influent. This poor per-
formance strongly suggested that the anaerobic digestion of the
raw piggery wastewater containing a high ammonia concentration
was  not feasible without ammonia removal. In contrast, enhanced
methane production and removal of organics were achieved by
appropriate ammonia removal through air stripping. As shown
in Fig. 5, the methane productivity of 0.75 ± 0.11 L CH4/L d and
0.57 ± 0.04 L CH4/L d for the cases of ammonia-stripped piggery
wastewaters at pH 9.5 and pH 10.0, respectively, were achieved
after a digestion period of 87 days. The methane content increased
from 67.9% for the control to around 77% for the wastewaters with
air stripping at pH 9.5 and pH 10.0 (Table 3), indicating that the
biogas quality was  greatly improved. About 20% more TCOD and
SCOD were removed compared to the control. In addition, more
than 50% VFA was converted to biogas. In summary, these results
clearly showed positive impacts of air stripping on the anaerobic
digestion of piggery wastewater.

Interestingly, the methane productivity (0.75 ± 0.11 L CH4/L d),
yield (170.3 ± 26.0 mL  CH4/CODadded) and TCOD and SCOD
removals of the ammonia-stripped piggery wastewater at pH
9.5 were statistically (p < 0.05) higher than those (0.57 ± 0.04 L
CH4/L d and 132.6 ± 8.6 mL  CH4/CODadded) of the pH 10.0 ammonia-
stripped wastewater, despite the fact that the ammonia concentra-
tion of the pH 9.5 ammonia-stripped wastewater (2.93 g NH4

+–N/L)
was  higher than that of the pH 10.0 stripped wastewater (1.85 g
NH4

+–N/L). This was  thought to be caused by higher sodium ion
concentration in the digestate fed with the ammonia-stripped
wastewater at pH 10.0 compared to that with the ammonia-

stripped wastewater at pH 9.5 (6.88 g/L of Na+ vs. 4.97 g/L of Na+).
In other words, the positive influence by ammonia removal was
masked by the increase of the sodium ion concentration. The
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Table 3
Performance of the semi-continuous anaerobic digestion of raw and ammonia-stripped piggery wastewaters at steady states.

Parameter Unit Semi-continuous mode of anaerobic digestion

Reactor 1
(control)

Reactor 2
(pH 9.5)

Reactor 3
(pH 10.0)

Reactor 4
(pH 11.0)

Daily loading rate g COD/L d 4.71 4.40 4.30 3.28
Retention time d 20 20 20 20
CH4 productivity L CH4/L d 0.23 ± 0.08 0.75 ± 0.11 0.57 ± 0.04 0.26 ± 0.06
CH4 content % 67.9 ± 9.2 76.8 ± 3.9 77.0 ± 3.6 78.1 ± 3.6
Specific CH4 yield mL  CH4/g CODadded 49.2 ± 16.6 170.3 ± 26.0 132.6 ± 8.6 78.9 ± 17.9
TCOD  g/L 72.53 ± 3.22 48.60 ± 0.20 50.82 ± 0.80 48.20 ± 2.65
SCOD  g/L 43.65 ± 3.53 25.67 ± 0.33 28.30 ± 0.46 28.06 ± 0.54
Acetate g/L 14.08 ± 0.99 3.20 ± 0.26 4.84 ± 0.18 6.87
Propionate g/L 4.93 ± 0.14 4.12 ± 0.14 3.62 ± 0.10 2.23
n-Butyrate g/L 0.79 ± 0.11 0 0.30 ± 0.03 0.39
iso-Butyrate g/L 1.59 ± 0.07 1.33 ± 0.02 1.41 ± 0.09 1.01
n-Valerate g/L 0.58 ± 0.06 0.27 ± 0.02 0.41 ± 0.03 0.23
iso-Valerate g/L 1.89 ± 0.11 1.29 ± 0.03 1.51 ± 0.08 1.08
Total  VFAs as HAc g/L 21.15 ± 1.33 8.37 ± 0.42 10.07 ± 0.41 10.40
pH  – 8.0 ± 0.2 8.0 ± 0.2 8.0 ± 0.2 8.2 ± 0.2
NH4

+–N mg/L 6304 ± 45 2932 ± 54 1848 ± 72 864 ± 61
Salinity as Na+ g/L 0.61 4.97 ± 0.04 6.88 ± 0.05 8.40 ± 0.13
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TCOD  removal % 23.0 ± 3.4 

SCOD  removal % 19.5 ± 6.5 

TVFAs  removal % 10.3 ± 4.8 

odium ion inhibition was more clearly observed in the anaerobic
igestion of the ammonia-stripped piggery wastewater at pH 11.0.
s seen in Fig. 5, the methane production of the ammonia-stripped
iggery wastewater at pH 11 increased from 0.22 to 0.64 L CH4/L d
uring days 0–15 and then decreased to 0.26 ± 0.06 L CH4/L d. On
ay 87, however, the ammonia concentration in the digestate for
he ammonia-stripped piggery wastewater at pH 11.0 was 864 mg
H4

+–N/L, which was believed to be within the optimal range for
naerobic digestion (Fig. 4C). As shown in Fig. 6, the methane pro-
uctivity appeared inversely linear to the Na+ concentration in
he range of 3.0–8.7 g Na+/L. Therefore, the observed reduction of

ethane production from the piggery wastewater pretreated at
igh pH was thought to be due to sodium ion inhibition.

. Conclusions

Ammonia stripping at a pH between 10 and 11 effectively
emoved ammonia with an efficiency higher than 80%. Ammonia
tripping enhanced the biomethanization of piggery wastewater
rom 0.23 ± 0.08 L CH4/L d for the control to 0.75 ± 0.11 L CH4/L d
ammonia-stripped at pH 9.5) and 0.57 ± 0.04 L CH4/L d (ammonia-
tripped at pH 10). In addition, 20% more TCOD and SCOD were
emoved and the VFA level was significantly lower. However, the
ethane production from the anaerobic digestion of the ammonia-

tripped piggery wastewater at pH 11.0 was similar to that of the
ontrol due to the excess introduction of sodium ions during pH
djustment for ammonia stripping. Therefore, it is necessary to con-
ider not only ammonia concentration but also Na+ concentration
or improving biogas production from the piggery wastewater.
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