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Introduction
In the past decades, anaerobic digestion of piggery wastes has 

attracted considerable attention because of the bioenergy recovery 
in the form of methane and mitigation of environment pollution 
[1]. However, digestion of pure piggery wastes has been observed to 
be unsuccessful, due to the inhibition of ammonia produced during 
biodegradation of nitrogenous compounds such as proteins and amino 
acids [2,3]. Although ammonia is an essential nutrient for growth of 
microorganisms [4], its undissociated form at high concentration has 
potential toxicity to methanogens [2]. Hobson and Shaw [5] reported 
that ammonium concentration of 2500 mg NH4

+-N l-1 resulted to 
partial inhibition of methane production, while a complete failure 
of methanogenesis occurred whe n the concentration up to 3300 
mg NH4

+-N l-1. Consequently, to improve methane production from 
ammonium-rich piggery wastes, it is necessary to mitigate ammonia 
inhibition in the anaerobic digestion process using effective techniques.

Many physicochemical and biological methods have been employed 
for alleviating ammonia inhibition, such as air stripping [6], adsorption 
[7], chemical precipitation [8], microorganisms acclimation [9] and 
co-digestion [10]. Among these methods, adsorption has drawn more 
attention because of its in-situ ammonia removal, easy operation, 
high safety and low cost. Comparing with activated carbon [11], fly 
ash [12] and activated alumina [13], zeolite is the most promising 
adsorbent for ammonia removal [14] owing to its porous structure, 
biochemical stability and abundance on the earth. On the other hand, 
zeolite seems to be a potential support material for the immobilization 
of microorganisms as a porous surface. These characteristics make 
zeolite a promising option for counteracting ammonia inhibition in 
the anaerobic digestion of ammonium-rich piggery wastes. 

In recent years, effects of variety, particle size, doses and dosage 
procedure of zeolite addition on anaerobic digestion of piggery wastes 
have been investigated [15-17]. Kotsopoulos et al. [18] showed that 
adding natural zeolite increased methane production from piggery 
wastes by reducing the toxicity of ammonia and regulating the C/N 

(carbon/nitrogen) ratio through ammonia adsorption. Zeolite addition 
in anaerobic digestion of piggery wastes achieved the maximum 
ammonia removal at a dosage of 0.10 g-zeolite g-1-VSS, regardless of 
particles sized [16]. Milán et al. [15] found that addition of natural 
zeolite (doses: 2-4 g l-1) contributed to enhance the anaerobic digestion 
of piggery wastes by reducing the inhibitory effect of ammonia, but 
inhibition could not be overcome at doses higher than 6 g l-1. Continuous 
anaerobic digestion of piggery wastes in terms of chemical oxygen 
demand (COD) removal efficiency and methane production was 
effectively promoted by addition of natural zeolite on a daily basis [19]. 
According to these previous studies, addition of zeolite at an appropriate 
dosage could effectively mitigate ammonia inhibition thereby enhance 
the methane production from piggery wastes. However, the enhanced 
methane production was only attributed to ammonium removal by 
zeolite, neither the immobilization of microorganism nor the fixed 
mode of zeolite for mitigating ammonia inhibition were investigated 
in all of these studies. On the other hand, ammonium desorption by 
using brine solution [20] is of great significance for nitrogen recovery 
and sustainable utilization of zeolite in the anaerobic digestion of 
ammonium-rich piggery wastes. Nevertheless, when using zeolite as an 
additive to migrate ammonia inhibition in the anaerobic digestion of 
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Abstract
To mitigate ammonia inhibition and enhance methane production, a zeolite-fixed bioreactor was developed 

for anaerobic digestion of ammonium-rich piggery wastes. Ammonium adsorption on zeolite A-3 fitted with the 
pseudo-second-order kinetic model and can be described by both Langmuir and Freundlich isotherms. Desorption 
of ammonium from saturated zeolite fits the first-order reversible reaction kinetic. The zeolite-fixed bioreactor with 
zeolite loading rate of 10 g l-1 showed the shortest startup period of 13 days and achieved the highest methane yield 
of 354.2 ml g-1-VS and the largest COD removal rate of 75.37%. Due to the effective mitigation of ammonia inhibition 
and enhancement of methane production, zeolite-fixed bioreactor is a good option for practical anaerobic digestion 
of ammonium-rich piggery wastes. Ammonium saturated zeolite can be directly used as fertilizer to decrease annual 
production of nitrogen fertilizer. Besides, regeneration of zeolite using Na2SO4 solution also obtained a (NH4)2SO4 
by-product, which is nice nitrogenous fertilizer.
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which is a nice nitrogenous fertilizer, desorption of ammonium from 
saturated zeolite A-3 were performed in sodium sulfate solution. 
According to the ion equivalent exchange principle: 2NH4

+−zeolite + 
Na2SO4 = 2Na+−zeolite + (NH4)2SO4, the calculated concentration of 
Na2SO4 solution was 7.1 mol l-1 for the ammonium desorption from 0.5 
g saturated zeolite A-3 (adsorbed NH4

+-N: 20 mg). In the ammonium 
desorption experiment, 0.5 g of saturated zeolite was added into 100 ml 
as prepared Na2SO4 aqueous solution in a 200 ml triangular flask. Then, 
continuously shaking (100 rpm) of the triangular flasks were carried 
out in a shaker with water bath at 25°C for 24 h.

Anaerobic digestion experiment

In the previous experiment, we found that both the methane yield 
and COD removal in the zeolite-fixed bioreactor are much higher than 
those in the bioreactor with sunken zeolite at the bottom. When zeolite 
was dropped into the bottom of the reactor, it is difficult to contact with 
the ammonium in the liquid, because the swine waste would cover on 
the surface of the adsorbents. In zeolite-fixed bioreactor, the zeolite was 
suspended in the upper layer of the digested liquid, where ammonium 
could easily be trapped by the adsorbent. Therefore, in this present 
study, the zeolite was contained in a porous bag and suspended in the 
digested liquid, rather than directly dispersed in the bioreactor.

A number of Duran bottles (300 ml, SIBATA) with silicon rubbers 
were used as bioreactors in this study. The methane fermentation 
experiments were performed in two groups of bioreactors: zeolite-fixed 
bioreactors and bioreactors without zeolite as the control. The zeolite-
fixed bioreactor was developed by hanging zeolite A-3 fixed in a porous 
nylon bag (pore diameter: 3 mm) in the Duran bottle. The schematic 
of zeolite-fixed bioreactor was shown in Figure 1. In the fermentation 
experiments, 200 ml of diluted swine waste including 25% (w/w) 
digested sludge was added into each bioreactor. After that, nitrogen 
flush was used to keep an anaerobic condition in the bioreactors. 
Then, the methane fermentation of piggery wastes was carried out in a 
batch mode at 35°C for 33 days. The biogas was collected using 50 ml 
plastic syringes, and the volume was read directly using the scale on the 
syringe. Each group of experiments was performed in duplicate.

Analytical methods

The gas composition was detected by a gas chromatography (GC-
8A, SHIMAZU, Japan) using a machine equipped with a thermal 
conductivity detector (80°C) and a Porapak-Q column (60°C). 
Nitrogen was used as the carrier gas. COD, TS, VS, and TN were 
detected according to standard methods [21], and pH was determined 
using a pH meter (TES 1380). The amount of ammonium nitrogen was 
measured by an ion meter (Ti 9001, Toyo Chemical Laboratories Co., 
Ltd.). The activity of microorganisms was indicated by ATP analysis 
using a BacTiter-Glo™ Microbial Cell Viability Assay (Promega, USA). 
Morphological features of microorganisms immobilized on the zeolite 
after anaerobic digestion was observed using a scanning electron 
microscope (SEM) (JSM-6330F, JEOL, Japan).

Results and Discussion
Ammonium adsorption on zeolite A-3

Adsorption kinetic analyses: Prior to batch adsorption equilibrium 
studies, it is essential to confirm the equilibrium contact time required 
for the ammonium adsorption. Adsorption kinetic model is required 
for surveying the mechanism of adsorption. Several models have been 
utilized for the adsorption kinetic analyses. The most well-known 
models are Lagergren’s pseudo-first-order and Ho’s pseudo-second-

piggery wastes, the ammonium desorption from zeolite had never been 
concerned by the previous researchers.

In this work, a zeolite-fixed bioreactor with advantages of ammonia 
adsorption and desorption of the adsorbed ammonium as fertilizer 
for future using and microorganism immobilization was developed 
for the anaerobic digestion of ammonium-rich piggery wastes. The 
purposes of this study are to investigate (1) the adsorption mechanism 
of ammonium on zeolite A-3 by kinetic and isotherm analyses; (2) the 
desorption efficiency of ammonium from zeolite A-3 in sodium sulfate 
solution; (3) the performance of zeolite-fixed bioreactor for ammonia 
removal and microorganism immobilization during anaerobic 
digestion of ammonium-rich piggery wastes.

Materials and Methods
Piggery wastes and seed sludge

Ammonium-rich piggery wastes used in the experiment was stale 
manure that had been kept at room temperature for almost two years 
after it had been obtained from a pig farm located in Tokyo. The stale 
manure compared with fresh piggery waste has a higher concentration 
of ammonium which can reach levels of up to 22,310 mg l-1. The 
piggery waste was inoculated with 25% sludge (w/w) after diluted with 
tap water and pH adjustment with HCl. General characteristics of the 
diluted substrate were: COD: 76700 mg l-1, total nitrogen (TN): 9400 
mg l-1, total solid (TS): 35000 mg l-1, volatile solid (VS): 27725 mg l-1, 
NH4

+-N: 3770 mg l-1 and pH: 7.2.

The digested sludge collected from a municipal wastewater 
treatment plant in Ibaraki, Japan was used as seed sludge. After 
it was collected, the digested sludge was storage under 4°C in a 
refrigerator. Before used as inoculums, 900 ml digested sludge was 
cultured by putting into a fermenter bottle (1000 ml). After two days, 
2 g raw piggery wastes was added to this reactor every day until the 
methane concentration reached 80% approximately. The cultivation of 
methanogens was carried out at 35°C for 7 days. The characteristics of 
seed sludge were: COD: 6500 mg l-1, TN: 5489 mg l-1, TS: 9850 mg l-1, 
VS: 7415 mg l-1, NH4

+-N: 1547 mg l-1, pH: 7.1.

Zeolite 

The artificial zeolite A-3 used for ammonium adsorption and 
microorganism immobilization in the experiments was provided 
by Wako Pure Chemical Industries, Ltd. It has the following 
characteristics: pore diameter (Å): 3, Particle size (mm): 2.36-4.75, 
absorbable molecule: H2O, NH3, He, unabsorbable molecule: CH4, 
CO2, C2H2, O2, H2S, C2H5OH, Water absorbing capacity (wt %): 20, 
General formula: (0.4 K + 0.6Na)2O·Al2O3·2SiO2. 

Ammonium adsorption experiment

The experiments of ammonium adsorption on zeolite A-3 
were carried out in batch mode. For the ammonium nitrogen 
adsorption experiments and analysis, ammonium solution with a 
certain concentration ranging from 1000 to 5000 mg l-1 was prepared 
immediately by dissolving NH4Cl in deionized water. Zeolite A-3 
was added into 50 ml NH4Cl solution at a loading rate of 10 g l-1 in a 
triangular flask (100 ml). Then, continuously shaking (100 rpm) of the 
triangular flasks were conducted in a constant temperature shaker with 
water bath at 35°C for 24 h.

Ammonium desorption experiment

For nitrogen recovery in the form of ammonium sulfate ((NH4)2SO4) 
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order. In order to assess the adsorption process of ammonium on the 
zeolite A-3, the above two models were applied to analyze the obtained 
experimental data under initial ammonium concentrations of 5000 mg 
l-1, adsorbent loading rate of 10 g l-1 and contact time from 0 to 24 h. 
The integration of the pseudo-first-order kinetic equation is expressed 
as [22]:

tkqqq ete 303.2
log)log( 1−=−                                                      (1)

The integration of the pseudo-second-order model can be described 
by the following equation:

eet qqkq
t 11

2
2

+=                                                                             (2)

where k1 is the pseudo-first-order rate constant (min-1), k2 is the 
pseudo-second-order rate constant (g min-1 mg-1), qt is the amount of 
ammonium nitrogen adsorbed at time t (mg g-1), qe is the adsorption 
capacity at equilibrium (mg g-1), and t is the contact time (min). 

 The regressed curves and the correlation coefficients for the pseudo-
first-order and the pseudo-second-order were shown in Figures 2A 
and 2B and Table 1, respectively. With regard to the pseudo-first-order 
model, the correlation coefficient was relatively low (R2 = 0.9047), and 
the experimental adsorbed masses (78.83 mg g-1) was much higher 
than the theoretical value (34.04 mg g-1) at the equilibrium time. These 
results indicated a bad fit between the model and the experimental 
data; therefore, the adsorption of ammonium on zeolite A-3 was not 

compliant with the pseudo-first-order reaction.

For the pseudo-second-order model, the correlation coefficient (R2 
= 0.987) was much higher than that of the pseudo-first-order model (R2 
= 0.905), and no obvious distinct occurred between the experimental 
(78.83 mg g-1) and the theoretical adsorption capacity (77.52 mg g-1) at 
equilibrium. The good accordance between the experimental data and 
the pseudo-second-order kinetic model showed that the adsorption 
of ammonium on the zeolite A-3 was well described by the pseudo-
second-order kinetic model. As a result, this adsorption could be 
dominated by a chemical process, mainly ion exchange, which was in 
accordance with the results obtained by many other researches [12,23].

Adsorption isotherms: Adsorption isotherms are essential to 
describe how adsorbate masses will interact with adsorbent media 
and are useful to optimize the use of media as adsorbents. Therefore, 
empirical equations such as Langmuir and Freundlich isotherm 
models are important for investigating the adsorption mechanism. 
The linearized forms of Langmuir and Freundlich isotherms were 
applied to analyze the adsorption process under initial ammonium 
concentrations ranging from 1000 to 5000 mg l-1, adsorbent loading 
rate of 10 g l-1 and contact time of 24 h.

The Langmuir model assumes only one solute molecule per site, and 
also assumes a fixed number of sites. The linear form of the Langmuir 
isotherm equation can be expressed as followings [22]:

m

e

me

e

q
C

bqq
C

+=
1                                                                            (3)

Freundlich isotherm assumes that the uptakes of adsorbate 
occur on a heterogeneous surface by multilayer adsorption and the 
amount of adsorbate adsorbed increases infinitely with an increase in 
concentration. The linear forms of the Freundlich isotherm equation 
is given as:

efe C
n

kq ln1lnln +=                                                                 (4)

where Ce is the liquid phase concentration of the ammonium 
nitrogen at equilibrium (mg l-1), qe is the amount of ammonium 
nitrogen adsorbed on the ceramic adsorbent at equilibrium (mg g-1), 
qm is the maximum adsorption capacity (mg g-1), b is the Langmuir 
constant related to the adsorption energy (l mg-1), Kf (mg1-1/n l1/n g-1) 
is the Freundlich isotherm model constant indicating the adsorption 
capacity of the adsorbent, and 1/n is an empirical parameter related 
to the intensity of adsorption, which varies with the heterogeneity of 
the material [14]. The plot of lnqe versus lnCe for the adsorption of 
ammonium nitrogen onto the zeolite A-3 was employed to generate 
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Figure 1: Schematic diagram of the zeolite-fixed bioreactor.
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Figure 2: Kinetic Plots of ammonium adsorption on zeolite A-3: (A) pseudo-first-order kinetic model and (B) pseudo-second-order kinetic model.
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the intercept value of Kf and the slope of 1/n.

The fitted curves for the Langmuir and Freundlich isotherms 
were shown in Figures 3A and 3B, and the isotherm parameters for 
the adsorption of ammonium nitrogen onto the zeolite A-3 were listed 
in Table 2. It can be seen that both Langmuir and Freundlich model 
were applicable for the adsorption of ammonium on the zeolite A-3, 
according to the high values of the regression correlation coefficients 
(R2˃0.98). The similar result was reported by Halim et al., 2010 [24], 
who compared the ammonia adsorption on zeolite, activated carbon 
and composite materials in the treatment of landfill leachate. The good 
compliance to Langmuir and Freundlich isotherms showed that the 
ammonium removal by zeolite A-3 via both the cation exchange and 
physical adsorption mechanism. The qm of 84.03 mg g-1 calculated by 
the Langmuir model was higher than the measured value (78.83 mg 
g-1). The values of the empirical parameter 1/n lying between 0.1 < 1/n 
< 1 indicated favorable adsorption for ammonium [22]. The 1/n value 
(0.6464) in the present study was lower than 1, which represented 
favorable removal conditions.

Ammonium desorption from saturated zeolite A-3 

Sodium sulfate (Na2SO4) solution was used for ammonium 
desorption from saturated zeolite A-3, due to the advantages of nitrogen 
recovery in the form of ammonium sulfate ((NH4)2SO4) which is a 
nice nitrogenous fertilizer and zeolite regeneration. Figure 4A shows 
the efficiency of ammonium desorption from zeolite A-3 and effluent 
NH4

+-N concentration in the bulk solution. Both the desorption 
efficiency of ammonium and the effluent NH4

+-N concentration in 
the bulk solution increased with reaction time and gradually reached 
equilibrium after 20 hours. The maximum desorption efficiency 
(38.2%) and highest effluent NH4

+-N concentration (76.4 mg l-1) were 
obtained under the equilibrium state. 

Desorption kinetic of NH4
+ can be described by a first-order 

reversible mechanism [25], which is expressed as:

( )( )tkk
et eCC ∗+− −−= 111

( )( )tkk
et eCC ∗+− −−= 111                                                          (5)

where, Ce and Ct (mg l-1) are the time-dependent concentration of 
the dissolved NH4

+ at equilibrium and time t (h); k1 and k-1 (h-1) are the 
adsorption and desorption rate constants, respectively. Its logarithm 
form can be given as Eq. (6).

( ) tkk
C
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e
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−

−11ln                                                     (6)

The chemical response time (τresp) for a first-order reversible 

reaction is: 

( )11

1

−+
=

kkrespτ                                                                           (7)

The kinetic plot of ln((Ce-Ct)/Ce) versus t of ammonium desorption 
was illustrated in Figure 4B. The high linear regression coefficient (R2 = 
0.982) indicated that desorption of ammonium from saturated zeolite 
A-3 well fits the first-order reversible reaction kinetic. Value for (k1 
+ k-1) obtained from the regression line was 0.179 h-1. The reaction 
constant (k1 + k-1) was used in Eq. (5) to predict desorption as a function 
of time. The calculated τresp was 5.59 h. 

Performance of anaerobic digestion

In a previous study [15], it was found that addition of natural 
zeolite (doses: 2-4 g l-1) contributed to enhance the anaerobic digestion 
of piggery wastes with NH4

+-N concentration of 410 mg l-1 by 
reducing the ammonium inhibitory. In this present study, the NH4

+-N 
concentration of ammonium-rich piggery waste was as high as 3770 mg 
l-1, which is approximately 9-fold of that in the previous study. Thus, to 
obtain an optimum addition of zeolite A-3 for methane fermentation 
of ammonium-rich piggery wastes, the dosages loading rates of 10 g 
l-1 and 30 g l-1 were used in the zeolite-fixed bioreactors. The adjusted 
piggery wastes with an initial ammonium nitrogen concentration of 
3770 mg l-1 fed to each bioreactor. Ammonium inhibition has occurred 
above pH 7.4 within the ammonium nitrogen concentration range of 
1500-3000 mg l-1 during the anaerobic digestion process [3].

Figure 5A shows that the startup period for anaerobic digestion 
was 13 days and 20 days in the zeolite-fixed bioreactors and the 
control bioreactor, respectively. Beginning from the 13th day, methane 
production in 10 g l-1 and 30 g l-1 zeolite-fixed bioreactors increased 
gradually to the daily maximum of 583.5 ml l-1 and 543.3ml l-1 on 
21th day, respectively. The corresponding methane concentration 
increased respectively from 72.5% to 87.3% and from 78.0% to 85.5% 
in these two bioreactors (Figure 5B). After that, the daily methane yield 
decreased gradually, whereas the methane concentration maintained at 
approximately 80% until the end of the digestion process. According to 
methane production and concentration during the first 20 days (Figures 
5A and 5B), the zeolite-fixed bioreactors showed better performance 
than the control. 

Above results indicates that the zeolite-fixed bioreactor is 
effective for improving methane production in anaerobic digestion 
of ammonium-rich piggery wastes. Because inhibitory ammonium in 
the anaerobic digestion of piggery wastes was partially removed by the 
zeolite, the NH4

+-N levels in 10 g l-1 and 30 g l-1 zeolite-fixed bioreactors 
decreased respectively from 3770 to 3050 and 2958 mg l-1 during the 
first 4 day (Figure 5C). However, the NH4

+-N level in the control 
bioreactor increased to 3896 mg l-1 on the 4th day. The zeolite suspended 
in the upper layer of the digested liquid, where ammonium could easily 
be removed by the adsorbent. The ammonium concentration increased 
during the anaerobic digestion process, because ammonia is produced 
by the biological degradation of the nitrogenous matter [26]. After the 
4th day, the ammonium concentration in the zeolite-fixed bioreactors 
increased gradually. At the end of methane fermentation experiment 
which lasted for 33 days, the total NH4

+-N concentration in the zeolite-
fixed bioreactors (10 g l-1, 30 g l-1) and the control bioreactor increased 
to 3904, 3757 and 4940 mg/l, respectively (Figure 5C).

Overall, the pH value in the three bioreactors was between 7.0 and 
8.1 and thus fulfilled the favorable pH level for methane fermentation 
(Figure 5D). In the zeolite-fixed bioreactors, the pH level decreased 

Langmuir isotherm Freundlich isotherm

b (L mg -1) qm(mg g-1) R2 Kf(mg1-1/n L1/n
 g

-1) 1/n R2

0.000348 84.03 0.9863 0.243781 0.6464 0.9846

Table 2: Langmuir isotherm and Freundlich isotherm constants for the ammonium 
adsorption on the zeolite A-3 adsorbent.

Pseudo-first-order model Pseudo-second-order model

K1(min-1) qe(mg g-1) R2 K2(g mg-1 min-1) qe(mg g-1) R2

0.09189 34.04 0.9047 0.016317 77.52 0.987

Table 1: Pseudo-first-order model and Pseudo-second-order model constants for 
the ammonium adsorption on the zeolite A-3 adsorbent.
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slightly (from 7.1 to 7.0) during the startup period, because of the 
production of volatile fatty acid (VFA). Beginning on the 15th day, the 
pH level gradually increased to 8.1. Then it remained at 8.1 until the 
end of the digestion process. The increase in pH can be explained by 
the increasing of ammonium concentration and the biodegradation of 
VFA into methane. The pH level in the control bioreactor remained 
constant until day 18 and then increased to 7.9 on day 33. This pH 
variation trend is consistent with that of methane production.

The 10 g l-1 and 30 g l-1 zeolite-fixed bioreactors showed similar 
trend of methane concentration and methane yield. Nevertheless, from 
the viewpoint of reducing mass transfer resistance and economic cost 
in the zeolite-fixed bioreactor, the optimum addition loading rate of 
zeolite was 10 g l-1 in this study.

Microorganism activity
Generally, the quantity and activity of the microorganisms in a 

bioreactor are two conclusive parameters [27]. ATP is an indicator 
of metabolically active cells and an index of microbial density, which 
has been shown to reflect the microorganism activity in the anaerobic 
digestion [28]. In this study, ATP concentration was examined on 
the surface of the zeolite in the zeolite-fixed bioreactor, and in the 
liquid from all the bioreactors at the end of the digestion experiment. 
The similar ATP values obtained in the liquid phase of zeolite-fixed 
bioreactor and control bioreactor were 0.026 and 0.023 µ mol l-1, 
respectively. However, the ATP concentration (0.25µ mol l-1) on the 
surface of the zeolite is much higher than that in the liquid phase in the 
zeolite-fixed bioreactor. This indicated that the high activity levels of 
the immobilized microorganisms on the zeolite surface, which could 
be understood as pointing that the fixed zeolite is a stable and suitable 
carrier for microorganisms, and most of them propagated on the 
surface of fixed zeolite. A number of microbes assembled on the surface 
of fixed zeolite (Figure 6B) resulted to the high concentration of ATP. 
The distribution of microbes in the liquid phase and on the surface of 
the support materials were about 5% and 95%, respectively [29]. 

On the other hand, the surface morphology of the zeolite A-3 
before and after the anaerobic digestion process were observed by SEM 
at a magnification of 6000×. As illustrated in Figure 6A, the zeolite A-3 
shows a porous structure and is covered with fractures. After anaerobic 
digestion the porous surface of zeolite was colonized subsequently by 
a great deal of methanogens (Figure 6B). This phenomenon confirmed 
the immobilization of microorganisms on the zeolite surface in the 
zeolite-fixed bioreactor. 

In the anaerobic digestion of ammonium-rich piggery wastes, it 
has been found that free ammonia (NH3) is the active form causing 
ammonia inhibition. The high concentration of free ammonia is the 
major causes of digester upset or failure. However, the adsorption 
of ammonium on zeolite surface mainly via the approach of cation 
exchange. Ammonium ion (NH4

+) rather than NH3 was adsorbed on 
the surface of zeolite. The toxicity of ammonia on the zeolite surface 
is much lower than that in the digested liquid. Therefore, the microbes 
tend to grow on the surface of the fixed zeolite in order to avoid the 
potential toxicity of free ammonia in the liquid and utilize the nitrogen 
source on the zeolite surface. Integrating the results of ATP analysis 
and SEM observation, it can be concluded that immobilization of 
microorganisms can be well performed using zeolite A-3 as carrier 
material in the zeolite-fixed bioreactor for effectively mitigating 
ammonia inhibition, thereby enhance the microorganism activity.

Effectiveness of zeolite-fixed bioreactor for the anaerobic 
digestion of ammonium-rich piggery wastes

As shown in Figure 7, the total methane yield (354.2ml g-1-VS) 

and COD removal rate (75.37%) in zeolite-fixed bioreactor are both 
higher than those in the control bioreactor (146.4 ml g-1-VS and 
35.10%). The methane yields are lower than the theoretical value (516 
ml g-1-VS) for piggery wastes [30]. However, the theoretical value is 
based on the assumption that all of the carbon substrate transformed 
into methane, a fraction of the substrate is in fact used to synthesize 
bacterial mass [31]. In addition, the quite high initial concentrations 
of NH4

+-N and COD are another factor that contributed to the lower 
actual methane yield for piggery wastes. Sánchez et al. [32] investigated 
piggery waste treatment using an upflow anaerobic sludge bed reactor 
(UASB) and an anaerobic fixed bed reactor (AFBR) at initial COD and 
NH4

+-N concentrations less than 12600 and 650 mg l-1, respectively. 
Their study obtained 60% COD removal in the AFBR and 40% of that 
in UASB, respectively. Here, at much higher initial concentrations of 
COD (76700 mg l-1) and NH4

+-N (3770 mg l-1), the COD removal rate 
reached as high as 75.37% in the zeolite-fixed bioreactor. This result 
indicated that the zeolite-fixed bioreactor developed in this study is 
effective for improving the methane production from ammonium-
rich piggery wastes. In further research, the practical effectiveness of 
developed zeolite-fixed bioreactor should be determined by carrying 
out the continuous anaerobic digestion of ammonium-rich piggery 
wastes. Due to the easy replacement and regeneration of ammonium 
saturated zeolite, it can be expected that the zeolite-fixed bioreactor 
would be stable and sustainable in continuous anaerobic digestion.

Evaluation of ammonium adsorbed on zeolite A-3 as fertilizer

In general, the utilization efficiency of nitrogenous fertilizer 
in soil in developed countries could reach 50-70% (data is from the 
Food and Agricultural Organization), whereas that in most of the 
developing countries like China is only about 30% [33]. That means 
most of the nitrogenous nutrient was lost when using for crop growth. 
Fortunately, the ammonium saturated zeolite can be directly utilized 
as fertilizer to effectively avoid this lost, because of its slow-release of 
nitrogenous nutrient into the soil [23]. Besides, the zeolite itself was 
considered as a soil enhancer due to its nutrient retention capacity 
for potassium and phosphorus [34]. In this study, the ammonium 
adsorption capacity of zeolite A-3 is 78.83 mg NH4

+-N g-1-zeolite, 
which means that approximately 7.9% of the ammonium nitrogen was 
adsorbed on zeolite. Direct utilization of ammonium saturated zeolite 
as fertilizer shows great potential to decrease annual production of 
nitrogen fertilizer, thereby save fertilizer cost $ 0.20 per acre-inch [35] 
and mitigate the environmental pollution.

On the other hand, from the viewpoint of regeneration and reuse 
of zeolite, desorption of ammonium from saturated zeolite is of great 
interest. In this present study, the regeneration of saturated zeolite A-3 
was successfully achieved by desorption of ammonium into Na2SO4 
aqueous solution. In addition, a nice nitrogenous fertilizer ((NH4)2SO4) 
was obtained as a by-product during the ammonium desorption 
process. 

Conclusions
A zeolite-fixed bioreactor was developed to mitigate ammonia 

inhibition and enhance methane production in the anaerobic digestion 
of ammonium-rich piggery wastes. Adsorption of ammonium on 
zeolite A-3 is compliant with the pseudo-second-order kinetic model 
and fits well to both Langmuir and Freundlich isotherms. Using zeolite-
fixed bioreactor could decrease the startup period, enhanced methane 
yield and COD removal. Direct utilization of ammonium saturated 
zeolite as fertilizer could be great potential to increase the utilization 
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Figure 6: SEM images of (A) artificial zeolite A-3 and (B) microorganism immobilized zeolite A-3.
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efficiency of nitrogen fertilizer and decrease the environmental impact. 
Moreover, regeneration of zeolite A-3 using Na2SO4 solution also 
obtained a (NH4)2SO4 by-product which is nice nitrogenous fertilizer.
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