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Abstract. To enhance the digestion rate of a landfill leachate in the anaerobic packed bed reactor,
a natural zeolite and sugarcane bagasse fly ash (BFA) were tested as the immobilization media. In
order to scale up this process and systematically optimize the reactor performance, a kinetics model
was needed. The suitability of the Contois and Haldane growth kinetic models were tested on the
experiment data. It turned out that Contois gave the best fit for both acidogenic and methanogenic
steps. A statistical analysis on Contois kinetic parameters using the Pearson correlation coefficient
indicated that, in comparison with the BFA, the zeolite, as an immobilization media, showed more
positive effects on the performance of the anaerobic digestion of a leachate.
Keywords: landfill leachate, natural zeolite, sugarcane bagasse fly ash, growth kinetics, Contois,
Haldane.

1. Introduction
1.1. Landfill leachate problem
in developing country
The increase of the municipal waste accumulation
in conventional landfill sites has caused severe environmental impacts. In Indonesia, the high organic
fraction in the municipal solid waste leads to an excessive leachate release. The leachate generated from
landfill sites usually contains a high amount of organic and inorganic contaminants [1]. The organic
and inorganic contaminants in the leachate were commonly characterized by the high values of chemical
oxygen demand (COD), pH, ammonia nitrogen and
heavy metals and strong colour and bad odour. The
removal of an organic material represented by the
COD, biochemical oxygen demand (BOD), and ammonium from the leachate is the mandatory prerequisite for discharging the leachates into water bodies [2].
A biological treatment of the leachate was quite
complicated due to the excessive amount of it, possible contents toxic to the digesting microbial and the
uncertainty of its composition. The leachate composition can vary depending on several factors, including
the degree of compaction, waste composition, moisture
content in the waste, composition and volume and
the age of the landfill [3, 4].Several methods are currently available to treat the landfill leachate. Most of

them are adapted for wastewater treatment processing
and can be divided into two main categories: biological treatments and physical/chemical treatments [5].
The latter was often chosen over the biological treatment because it was easier and faster. However, it
was usually a costlier and energy intensive operation
and created other environmental problems due to the
chemical release to the water bodies [5].
In a densely populated country like Indonesia, the
large landfill site input could be as high as 5000–
6000 ton/day of municipal solid waste (MSW), with
a 60–70 % organic fraction. This MSW characteristic
produced high amount of a leachate with a high organic content. An anaerobic digestion of this organicrich landfill leachate would potentially produce a significant amount of biogas. Energy generation from
the leachate in the form of a biogas makes anaerobic
digestion even more attractive to Indonesia, because
this country is now heavily relying on imported fossil
fuel [6]. The biogas produced in the landfill site could
be converted into electricity that could be used for
further treatment of the effluent aerobically, using
more energy-efficient aeration system [7, 8].
However, the common hindrance to run the anaerobic digestion for the leachate treatment was the slow
growth of microorganisms, so the usage of a conventional anaerobic digester required a huge volume of
the digester [9]. Besides, a wash out often happened
at the conventional anaerobic digester, especially for
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a high flow rate feed. The solution for stabilizing
and maximizing the microbial growth is immobilizing
the cell on solid media [9, 10]. The cell immobilization on solid media can be defined as a localization
of an intact cell via a physical adsorption between
the carrier and cell membrane [11]. The microbial
immobilization can be applied in various designs of
reactors, such as the fixed bed, fluidized bed, or the
membrane reactor to minimize the possibility of the
cell to be washed out.

1.2. Material of the immobilization
media
The natural zeolite and sugarcane bagasse fly ash
(BFA), which are both widely and abundantly available in Indonesia, have a potential to be used as
an immobilization media. As an inorganic material, the natural zeolite is able to immobilize the
biological species through offering interesting characteristics, such as mechanical and chemical resistance and a high surface area. It has the advantage of the mineral content, such as silica and alumina (the major component) [12] calcium, magnesium, etc., which could enhance the cell growth. Zeolites are also known to be stable both in wet and
dry conditions and well-tolerated by microorganisms,
and therefore, normally compatible with a bioprocess
application.
The sugarcane bagasse, a residue obtained after
crushing the sugarcane to extract the broth, was the
most abundant lignocellulosic residue, with 1–1.2 ton
of bagasse produced for 10 tons of sugarcane consumed for a sugar production [13]. Although most of
the bagasse had been used in the sugarcane industry
itself to generate energy, there was a surplus of this
agro-industrial residue and several alternatives for its
utilization had been evaluated, among which was the
production of vanillin [14] and xylitol [15, 16]. In this
respect, the sugarcane bagasse has already been used
with promising results as a cell support in different
bioprocesses [17].
The performance of both the BFA and the natural zeolite as the immobilization media in the landfill
leachate anaerobic digestion was evaluated in this
work. The comparison was conducted quantitatively
by means of a mathematical model to compare the kinetics parameter between the process using a natural
zeolite and the process using the BFA. The appropriate growth kinetics model was chosen based on
the best fit of the experimental data indicated by the
minimum sum of squares of errors (SSE). The Pearson
correlation coefficient was selected as the statistical
tool to verify the correlation between the additions of
the immobilization media to the digester performance
represented by the kinetics parameters. Furthermore,
the mathematical model suggested in this paper could
be very useful in the future for scaling up and optimizing the design of the full scale reactors.
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1.3. Kinetic model of anaerobic
digestion with immobilized microbes
In digesting the leachate, there are two processes that
must be carried out - acidogenesis and methanogenesis. Currently, there are two suitable models for
describing the leachate or wastewater digestion - Contois kinetics [18] and Haldane kinetics [19]. On the
one hand, the Contois kinetics has been proven to
describe the acidogenesis step well, especially with the
substrate type like wastewater and leachate [18]. On
the other hand, for the methanogenesis step, there
are still some discussions about the most suitable
model due to some existing phenomenon. After the
acidogenesis begins and starts producing a volatile
fatty acid (VFA), this VFA usually inhibits the microorganism growth, this is known as the substrate
inhibition. That is why using Contois kinetics for the
methanogenesis is not sometimes suitable to describe
the phenomenon well. Fortunately, the Brigg-Haldane
kinetics accommodates the substrate inhibition phenomenon. Therefore, it was necessary to compare
which model suited better to describe the mechanism
of the anaerobic leachate digestion, especially for the
methanogenesis step. To do so, an anaerobic batch
digestion inside the packed-bed reactor would be conducted to obtain the necessary data for the kinetics
study. This kinetics study would be beneficial for optimizing the performance of the continuous anaerobic
packed-bed reactor.
According to the aforementioned explanation, there
were two scenarios that could be set up to find the
mechanism of the anaerobic leachate digestion. The
first scenario consisted of the acidogenesis step, which
was described by the Contois kinetics, and followed by
the methanogenesis step, which was described by the
Haldane kinetics. The other scenario consisted of acidogenesis and methanogenesis steps, which were only
described by the Contois kinetics. A set of differential
equations was derived from both scenarios. The first
scenario’s set of differential equations consists of (1),
(2), (4), (5), and (6), whereas the second scenario’s
set of differential equations consists of (1) (3) (4) (5),
and (6), where
dX1
µm1 sCOD X1
=
− kd1 X1c1 ,
(1)
dt
KSX1 X1 + sCOD
dX2
µm2 CVFA X2
=
− kd2 X2c2 ,
2
dt
KSX1 X2 + CVFA + CVFA
/KI
(2)
dX2
µm2 CVFA X2
=
− kd2 X2c2 ,
(3)
dt
KSX1 X2 + CVFA
dsCOD
1
dX1
=
,
(4)
dt
YX1/COD dt
dCVFA
dX1
1
dX2
= YVFA/X1
−
,
(5)
dt
dt
YX2/VFA dt
dCCH4
dX2
= YCH4/X2
.
(6)
dt
dt
These differential equations are solved numerically

vol. 58 no. 1/2018

Anaerobic Digestion of Landfill Leachate

and the corresponding kinetics constants could be
determined by minimizing the Sum of Square of Error
(SSE) between the calculated and experimental data
of the organic matter concentration as the acidogenic
cell (X1 ), methanogenic cell (X2 ), substrate (sCOD ),
volatile fatty acid (CVFA ), and methane (CCH4 ).
Afterwards, the change of kinetics constants related
to the additions of more immobilization media would
be verified through the Pearson correlation coefficient:
P
P P
n xy − x y
r= q P
 P
 . (7)
P
P
n x2 − ( x)2 n y 2 − ( y)2
The calculated correlation coefficient was transformed
into absolute value and then compared with the critical value of the Pearson correlation coefficient. The
absolute value of the calculated correlation coefficient
must be greater than the critical value to show that
there is a correlation. After being verified that there
was a correlation, the integer value of the correlation
coefficient (either positive or negative) shows what the
correlation was. The interpretation would be linearly
correlated, inversely correlated, or not correlated at
all.

2. Materials and Methods
2.1. Materials

Figure 1. Experimental set-up.
Figure 1

Month
1
2
3

Parameter
sCOD, mg/L

VFA, mg/L

3660
5895
2620

1132
1220
970

A fresh leachate was obtained from Piyungan Sanitary Landfill, Yogyakarta, Indonesia. Starter, in
Table 1. Leachate characteristics over three different
the form of an active digester effluent, was supplied
months in 2016.
by the cow-manure-based biogas mini-plant located
at Gadjah Mada University’s PIAT (Pusat Inovasi
Agroteknologi) at Berbah, Sleman. The immobilizaacrylic and equipped with a vertical tube gasometer
tion media was produced from the Lampung natural
(Figure 1). In this work, the digester volume was 3 L
zeolite and PT. Madukismo sugarcane bagasse fly
with the L/D ratio of 4.6. The fresh leachate was fed
ash, which were supported by bentonite as the adheto the digester without any dilution so that the initial
sive agent. High purity chemicals were used in this
concentration of the leachate (in the form of sCOD)
work for analytical routines, which included H2 SO4
would be different for each experiment batch. The
98 % (Merck), HCl 37 % (Merck), NaOH (Merck),
sCOD
and
VFA
concentration analysis, identifying
*Corresponding
author.
Tel.:
+6281328183160
C8 H5 KO4 p.a. (EMSURE), HgSO4 p.a. (EMSURE),
E-mail address:
wiratni@ugm.ac.id
the initial
leachate characteristics, resulted in the data
AgSO4 p.a. (Merck), K2 Cr2 O7 p.a. (EMSURE),
shown in Table 1. The difference was caused mostly
Na2 B4 O7 · 10 H2 O 99.55 % (Merck), and CH3 COOH
by rainfall.
96 % p.a. (Merck).
To identify the effect of the immobilization media
2.2. Production of Immobilization Media
addition to the digester performance, the number
from Natural Zeolite
of the immobilization media varied. Since both immobilization media had different bulk density, the
The BFA and the raw natural zeolite powder (undernumber of the immobilization media was calculated
size 100 mesh) were each mixed with bentonite with
based on the volume fraction inside the digester.
the mass ratio of 1 : 1. Afterwards, the mixture was
moulded to form the Raschig ring with the size of
Because of the same basic area, the immobiliza1 cm inside diameter, 5 mm thickness, and 2 cm long
tion media would be 1/4, 1/2, and 3/4 of the diby the extruder. Lastly, the moulded mixture was
gester height. Through this way, the zeolite ratios
kept heated at 110 °for 12 hours by using the furnace
were 150 g/g sCOD, 240 g/g sCOD, and 350 g/g sCOD,
Thermolyne Tube Heater Type F21100.
while the BFA ratios were 43 g/g sCOD, 110 g/g sCOD,
and 164 g/g sCOD. The anaerobic digestion with2.3. Anaerobic Digestion of Leachate
out immobilization media was set as the control
(0 g zeolite/g sCOD) and was executed for each imThe anaerobic digestion was operated in a batch system using a vertical-cylinder-formed digester made of
mobilization media.
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In this work, the variable used to represent the substrate concentration was the soluble COD (sCOD).
The analysis of the sCOD, VFA, and ammonia during
the experiment would follow the standard procedure
by the APHA [24]. The sCOD analysis was conducted
as the closed reflux colorimetric method. The VFA
analysis used the titrimetric method and the ammonia
measurement used the ion selective electrode (ISE)
measurement. The gas volume was measured using the
gasometer method outlined by Walker [25] while the
methane content was analysed by using the Gas Chromatography (GC) Shimadzu GC 8A. The data of the
methane production was presented using mL/g sCOD
(removed) unit [26] and in a volume percentage to
describe its purity.

X1, mg/L
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2 000
0
0
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21

28

35
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21
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(a)

X1, mg/L

The quantification of the microbes in the digester
was conducted using the heterotrophic plate counts
method explained by Boothe et al. [20] and by
APHA [21]. Obtained number of the cell (in cell/L)
was then converted into a mass concentration
(g/mL) by multiplying with the mass of a cell
(1.15 pg/cell) [22]. The mass concentration of the acidogenic and the methanogenic microbes was estimated
by using the ratio of 9 : 1 (acidogenic : methanogenic
microbes) [23]. The calculation is as follows:
 

 
pg
6 mg mL
X1 mg
= 0.9 # of cells cell
L
mL 1.15 cell 10 pg L , (8)
 
 

pg
6 mg mL
X2 mg
= 0.1 # of cells cell
L
mL 1.15 cell 10 pg L . (9)

10 000

8 100
7 100
6 100
5 100
4 100
3 100
2 100
1 100
100
0

7

14
Days

(b)
1 200
1 000

X2, mg/L

2.4. Analytical method of sCOD, VFA,
CH4 , and microbial concentration
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3. Results and Discussion
3.1. Acidogenic and methanogenic cell
growth behavior
According to the experimental data (Figure 2), both
for the acidogenic cell (X1 ) and the methanogenic cell
(X2 ), it could be seen that each growth phase ran
for the same period of time when the natural zeolite
and BFA were used as the immobilization media. For
instance, the lag phase ran for the same period of time
before and after the addition of the immobilization
media (from day 0 to day 7). From day 7 to day 13,
the slope was increasing sharply, so it could be considered as the beginning of the log phase. Between
the day 13 and 35, the slope started declining, so it
could be assumed that the stationary phase began at
this period. However, the maximum concentration of
the cell was the differentiator. For instance, with the
increase of the number of the immobilization media,
the maximum concentration of the cell reached during
the lag phase was greater than the one without using
immobilization media. The maximum concentration
increased largely when the immobilization media filled
3/4 of the digester volume.

3.2. sCOD and CVFA profile
As the consequence of the cell growth, four parameters
experienced changes – the sCOD, CVFA , cumulative
60

X2, mg/L

800
600
400
200
0
0

7

14
Days

(d)
Figure
2
Figure 2. Concentration
of acidogenic
cell (X1 ) and
methanogenic cell (X2 ) in leachate during anaerobic
digestion: (a) X1 -zeolite; (b) X1 -BFA; (c) X2 -zeolite;
(d) X2 -BFA (diamonds — no media; triangles — 1/4
height of digester; squares — 1/2 height of digester;
crosses — 3/4 height of digester).

methane purity (% CH4 ), and cumulative methane
production. In the digester immobilized with the zeolite, the sCOD and CVFA decreased consistently in
time (Figure 3ac). This consistent decrease stood in
line with the growth characteristic of the acidogenic
cell (Figure 2a), which increased in time. However,
the fastest significant sCOD decrease occurred in the
digesters, which were immobilized by the natural zeolite by as many as 1/2 and 3/4 of the digester volume
(240 g/g sCOD and 350 g/g sCOD). In those digesters,
the sCOD decreased significantly from the day 7 to 13
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Figure 3. sCOD and CVFA profile during anaeroFigure 3
bic digestion: (a) sCOD-zeolite;
(b) sCOD-BFA; (c)
VFA-zeolite; (d) VFA-BFA (diamonds — no media;
triangles — 1/4 height of digester; squares — 1/2
height of digester; crosses — 3/4 height of digester).

(shown by a steeper slope). Meanwhile, the digester
without any immobilization media and the digester
with the immobilization by the natural zeolite by as
much as 1/4 of digester volume had a significant but
late sCOD decrease from the day 21 to 35. Therefore,
the addition of the zeolite seemed to be influential to
the rate of the sCOD consumption by the cell after
the zeolite ratio was greater than 110 g/g sCOD.
However, the digester immobilized by the BFA had
both the sCOD and the CVFA increasing from the
day 0 to 21 (Figure 3cd). This phenomenon could
possibly be explained as the degradation (through
hydrolysis) of the insoluble compound, such as complex carbohydrates and proteins in form of particulate,
into the simple ones, which were soluble. Thus, the
sCOD could increase, because the sCOD increase

40%
35%
30%
25%
20%
15%
10%
5%
0%
0

7

14

Days

(d)
Figure methane
4
Figure 4. Cumulative
production and
methane percentage ( % CH4 ) profile during anaerobic digestion: (a) CH4 -zeolite; (b) CH4 -BFA; (c)
% CH4 -zeolite; (d) % CH4 -BFA (diamonds — no media; triangles — 1/4 height of digester; squares — 1/2
height of digester; crosses — 3/4 height of digester).

caused by the hydrolysis was greater than the sCOD
decrease caused by the acidogenic cell consumption.
After the day 21, the sCOD started decreasing, which
means that the insoluble compounds had completely
degraded into the simple and soluble compounds.

3.3. Cumulative volume of biogas and
methane content
The cumulative volume of methane produced from the
digester immobilized either by the natural zeolite or
by the BFA increased along the time and tended to be
stable (reach the asymptote point) at the stationary
phase (see Figure 4ab). However, the digesters immo61
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Variable

No media
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1/4

1/2

3/4

141 820
226 880
752 470
37 764
12.8

837 480
1 719 100
951 060
15 562
0.01

Contois-Haldane
X1
X2
sCOD
CVFA
CCH4

1 168 700
677 380
5 084 200
52 551
110.24

126 620
100 750
2 987 200
187 090
43.62

Contois-Contois
X1
X2
sCOD
CVFA
CCH4

8138
7117
3 240 500
60 428
0.47

101 610
62 042
2 604 100
89 010
45.95

72 256
60 491
561 560
29 270
12.15

280 810
161 210
1 321 900
59 133
0.01

Table 2. Comparison of SSE results of two proposed models.

Variable

No media

1/4

1/2

3/4

Contois-Haldane
X1
X2
sCOD
CVFA
CCH4

42 534
13 440
411 590
78 732
12.07

252 370
63 460
17 974
53 479
129.41

143 390
351 560
208 410
68 476
10.57

1 745 400
1 140 600
232 730
28 177
280.21

Contois-Contois
X1
X2
sCOD
CVFA
CCH4

12 788
4344
230 980
19 792
9.54

28 870
25 903
174 150
17 427
79.21

11 343
8244
105 620
26 633
2.67

481 880
265 090
257 410
27 526
113.48

Table 3. Comparison of SSE results of anaerobic leachate digestion using sugarcane bagasse fly ash as the
immobilization media.

bilized by the BFA by more than 1/2 of the digester
volume were unfortunately unable to produce more
methane. Thus, in this work, the optimum number of
the BFA to have a large cumulative volume of methane
was 1/2 of digester volume (101 g/g sCOD). Different
from the BFA, the more natural zeolite could increase
the cumulative volume of the methane produced.
With respect to the methane content, the digester
immobilized by the natural zeolite and the one immobilized by the BFA had different methane content profile.
The methane content of the zeolite-immobilized digester had specific trend line in which a lower volume
of a higher-purity methane was produced during the
lag phase and the log phase. Afterward, during the
stationary phase, the methane purity decreased and
tended to be stable (see Figure 4c). The highest stable
methane content was reached when the natural zeolite
filled 3/4 of the digester volume. The lower number
of the natural zeolite only produced methane purity
in the range of 12–15 % at a stable conditions.
When the digesters were immobilized by the BFA,
the maximum methane content reached at a stable
62

conditions was about 14 % (see Figure 4d). The increase of the methane content tended to be similar
among the growth period (lag phase, log phase, and
stationary phase). When the number of the BFA inside the digester was increased to 3/4 of the digester
volume (164 g/g sCOD), the digester became unproductive in terms of the biogas production rate and
methane content. To understand this phenomenon,
kinetic study was conducted on the aforementioned
data.

3.4. Kinetic study
Generally, the SSE results of sCOD, CVFA , and CCH4
depicted the same performance of both scenarios to
fit the experimental data (see Tables 2 and 3). For
each number of the immobilization media both for the
natural zeolite and the BFA, the SSE result stayed
in the same order of magnitude. For instance, when
the digester was immobilized by the natural zeolite
by as many as 1/2 of the digester volume, the SSE
result of the sCOD was at a hundred thousand order
of magnitude. Although the SSE had a gap about two
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Constants No med.

1/4

1/2

3/4

Constants No med.

Natural zeolite amount
1.1989
1.1782
69.5063
25.0034

1.2028 0.8779
0.9671 0.8564
18.3186 11.8596
8.2281 8.0195

YX1/COD
YX2/VFA
YCH4/X2
YVFA/X1

1.1205
0.464
15.7046
0.9845

1.1066 1.5885 2.9432
2.4561 0.5124 5.9081
18.2752 16.8141 16.476
0.0134 1.1001 0.0283

kd1
c1
kd2
c2

4 · 10−6
0.3601
0.0281
0.8321

2.5125
1.2192
8.9268
2.824

2.6587 10.5556
0.3613 0.3589
0.0386 0.1899
0.8311 0.8278

Table 4. Kinetics constants of Contois-Contois scenario (second scenario) for natural zeolite as the immobilization media.

Constants

3/4

0.3766
0.3655
2.7611
0.4556

0.6775
0.6695
4.1738
2.8435

In this study

µm1
µm2
KSX1
KSX2

0.1709
0.1222
14.6413
2.7716

0.2847
0.2746
5.6303
9.0647

YX1/COD
YX2/VFA
YCH4/X2
YVFA/X1

0.7595
0.0663
16.4151
9.9998

0.8443 1.1089
0.1116 0.1856
50.1092 23.6147
6.0225 3.552

2.7326
0.1587
0.144
4.1674

kd1
c1
kd2
c2

3 · 10−6
0.0092
0.1182
0.5788

0.2414
0.7588
3 · 10−8
0.9571

0.5249
0.7588
0.0735
0.9571

Previous studies

0.17–0.25
0.12–1.22
2.76–69.51
0.46–25.00

0.315 [27], 0.156 [28]
0.271 [29], 1.2 [28]
126.32 [27], 0.983 [29], 20–50 [28]
151.32 [29], 0.4 [30], 20–50 [28]

YX1/COD
YX2/VFA
YCH4/X2
YVFA/X1

0.76–2.94
0.07–5.91
0.14–50.11
0.01–10.00

0.82 [30]
0.983 [30]
0.27 [30], 11–25 [31], 74 [32]
0.4 [33]

4 · 10−6 –10.56
0.01–0.36
3 · 10−8 –0.30
0.58–0.96

0.6659
0.7588
0.2997
0.9521

Table 5. Kinetics constants of Contois-Contois scenario (second scenario) for BFA as the immobilization
media.

µm1
µm2
KSX1
KSX2

kd1
c1
kd2
c2

1/2

BFA amount

µm1
µm2
KSX1
KSX2

3.1014
0.3599
0.103
0.8301

1/4

0.48 [30]
—
0.48 [30]
—

Table 6. Comparison of the obtained parameters with previous studies.

hundred thousand, it was considered as a small gap
due to the SSE concept. When there were six data for
a one experiment condition, the SSE would be about
33000 in average. According to the SSE concept, this
average meant that there was a difference of only 180
between each experimental data and each calculation
result.
Differently, the SSE result of X1 and X2 depicted
that the anaerobic leachate digestion in the zeoliteimmobilized and the BFA-immobilized digester were
well described using the Contois model for both the
acidogenesis and methanogenesis steps. The comparisons between the X1 ’s and X2 ’s SSE of each scenario
showed that there was a huge difference because of the
different order of magnitude (see Tables 2 and 3). For
instance, when the digester was immobilized by the
BFA by as many as 3/4 of the digester volume, the
second scenario had the SSE at a hundred thousand
order of magnitude while the first scenario had the

SSE at a million order of magnitude (see Tables 2
and 3). Visually observed, the huge difference of the
SSE was caused by the inability of the first scenario
(Contois-Haldane models) to fit the experimental data.
It clearly revealed that by using the Contois model
for both steps, each growth phase, such as lag phase,
log phase and the beginning of the stationary phase,
was well depicted (see Figures 5 and 6). The kinetics
constants value for Contois-Contois scenario, resulted
from the numerical calculation using MATLAB, was
shown on Tables 4 and 5.
Compared with previous studies focusing on finding
the kinetics of an anaerobic digestion of organic or food
waste, the obtained parameters only showed a slight
difference. In Table 6, there were two parameters,
which cannot be compared with the previous studies
since in this work, the death rate equations opened
the possibilities of the non-elementary kinetics model
(not on the first order) together with proving if it was
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(a) Zeolite - ¼

(b) Zeolite - ½

(c) Zeolite - ¾

(d) BFA- ¼

(e) BFA- ½

(f) BFA- ¾

Figure 5. MATLAB calculation result for acidogenic cell (X1) inside the digester using natural zeolite and BFA as
immobilization media.

Figure 5
true that the first order was applicable in this study.
To identify the effect of the increase of the immobilization media number, a statistical approach was
used. According to the correlation coefficient result
for the experimental data of the zeolite-immobilized
digester, the most absolute values of the correlation
coefficient were not greater than its critical value. The
critical value set in this work was 0.951, gained from
a level of significance of 0.05 and a degree of freedom
of 2. Therefore, statistically, it revealed that the addition of more natural zeolite to the digester didn’t
have any correlation to the digester performance (see
Tables 7 and 8). However, the correlation coefficients,
which were greater than zero, still showed that, actu64

ally, there was still a correlation though it was a weak
correlation.
Both the zeolite-immobilized and the BFA-immobilized digesters had the KSX1 and KSX2 value decreasing with the increase of the immobilization media
number (see Tables 4 and 5). This decrease meant
that cells/microbe could easily attach because KS is
the parameter representing the affinity of microbes to
the solid substrate [34]. A large KS usually indicates a
low affinity and vice versa for a small KS [34]. Because
of the lower value of KSX1 and KSX2 , the cell/microbe
preferred the BFA to the natural zeolite for the attachment. However, the cell/microbe attached to the
solid substrate had been found to grow at a much
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(a) Zeolite – ¼

(b) Zeolite – ½

(c) Zeolite – ¾

(d) BFA – ¼

(e) BFA – ½

(f) BFA – ¾

Figure 6. MATLAB calculation result for methanogenic cell (X2) inside the digester using natural zeolite and BFA
as the immobilization media.

Figure 6
slower rate than the cell/microbe that was unattached
due to its lack of a direct access to food [35]. When
more cell/microbes attach to the solid substrate, the
overall growth rate of the cell is slower. Thus, the
growth rate of the acidogenic and methanogenic cell
was better when the digester used the natural zeolite
as the immobilization media, since the number of the
cells/microbes attached to the zeolite was quite low.
It was revealed by the value of µm1 and µm2 , which
was greater when using the natural zeolite inside the
digester (see Tables 4 and 5). The values of YX1/COD
and YX2/VFA were also greater when using the natural
zeolite inside the digester due to the ability of the

cell/microbe to gain the food (in form of the sCOD
and VFA).
Other kinetic constants dealing with the aforementioned explanation were kd1 and kd2 (see Tables 4
and 5). The more immobilization media added, the
greater the value of both variables. This meant that
the addition of more immobilization media caused
more cells/microbes to attach on it, leading to more
cells/microbes dying afterwards due to a lack of food.
This result stood in line with the previous work by
Wang et al. [35].
As the consequence of a better growth of the
cell/microbe by using the zeolite, the rate of methane
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Correlation
coefficient (r)

Indication
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Constants

Nat. zeolite as the immobilization med.

Indication

BFA as the immobilization media

µm1
µm2
KSX1
KSX2

0.617
−0.046
−0.899
−0.935

No
No
No
No

correlation
correlation
correlation
correlation

µm1
µm2
KSX1
KSX2

0.944
0.96
−0.868
−0.205

No correlation
Correlated
No correlation
No correlation

YX1/COD
YX2/VFA
YCH4/X2
YVFA/X1

0.851
0.732
0.266
−0.447

No
No
No
No

correlation
correlation
correlation
correlation

YX1/COD
YX2/VFA
YCH4/X2
YVFA/X1

0.831
0.865
−0.375
−0.913

No
No
No
No

correlation
correlation
correlation
correlation

0.885
0
0.746
0

No
No
No
No

correlation
correlation
correlation
correlation

kd1
c1
kd2
c2

0.871
0.833
0.119
0.834

No
No
No
No

correlation
correlation
correlation
correlation

kd1
c1
kd2
c2

Table 7. Pearson correlation coefficient of kinetics
constants of Contois-Contois scenario (second scenario)
for natural zeolite as the immobilization media.

production was more stable in the zeolite-immobilized
digester. The yield of methane produced per the
methanogenic cell increase (YCH4/X2 ) was still greater
though the methanogenic cell growth rate was also
greater in the zeolite-immobilized digester.
For the order of the death-rate constant, according
to Shuler and Kargi [9], the order for the cell concentration of the death rate equation was first order. This
work tried to prove the validity of this order. The
numerical calculation using MATLAB showed that
the death rate of the acidogenic and methanogenic
cell had order’s value almost identical to first order.
Thus, its validity was verified.

4. Conclusions
The addition of the zeolite and the BFA as the immobilization media in the anaerobic digester showed different digester’s behaviour. In the BFA-immobilized
digester, the hydrolysis seemed to take part at the
beginning of the operation, therefore, causing the
sCOD and CVFA to increase at first. In contrast,
the zeolite-immobilized digester had only acidogenesis and methanogenesis as the limiting processes,
causing the the sCOD and CVFA to decrease from the
start. Besides, the methane purity and the cumulative
methane volume of the zeolite-immobilized digester
were greater than those of the BFA-immobilized digester. Kinetically, the anaerobic leachate digestion
using the natural zeolite and the BFA as the immobilization media followed the Contois model both for
the acidogenesis and for the methanogenesis step. A
statistical analysis showed that a higher ratio of the
immobilization media did positively affect some kinetics parameters. It indicated that the natural zeolite
was plausible to be further studied as the potential immobilization media for anaerobic digestion purposes.
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Correlation
coefficient (r)

Table 8. Pearson correlation coefficient of kinetics
constants of Contois-Contois scenario (second scenario)
for BFA as the immobilization media.
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List of symbols
µm1 maximum specific growth rate of acidogenic cell
(day−1 )
µm2 maximum specific growth rate of methanogenic cell
(day−1 )
KSX1 half-saturation constant associated with sCOD
(mg sCOD/mg acidogenic cell)
KSX2
half-saturation constant associated with VFA
(mg VFA/mg methanogenic cell)
YX1/COD yield of cell formation per mg sCOD reduction
(mg acidogenic cell/mg sCOD)
YX2/VFA yield of cell formation per mg VFA reduction
(mg methanogenic cell/mg VFA)
YCH4/X2 yield of CH4 formation per mg methanogenic
cell/L increase ((mg CH4 /L)/(mg methanogenic cell/L))
YVFA/X1 yield of VFA formation per mg acidogenic cell
(mg VFA/mg acidogenic cell)
KI inhibition constant associated with VFA (mg VFA/L)
kd1 death rate constant of acidogenic cell
kd2 death rate constant of methanogenic cell
c1 order of acidogenic cell death rate equation
c2 order of methanogenic cell death rate equation
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