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Abstract. The study aims to evaluate two-stage anaerobic co-digestion of leachate and 
starch waste using anaerobic biofilm bioreactor to enhance methane production. The 
 anaerobic digestion process was operated under the mesophilic condition at 35 ± 1 °C. 
Hydraulic retention time (HRT) applied to the acidogenesis and methanogenesis reactors 
were 5 and 25 days, respectively. The organic loading rate (OLR) used in the process of 
acidogenesis was 2.91 gram volatile solid /L.day, while methanogenesis was 0.58 gram 
volatile solid (VS) per liter per day. Results showed that two-stage process using biofilm 
was an effective method for operating anaerobic co-digestion of starch waste and landfill 
leachate in which the system produced higher methane yield at 125.11 mL methane (CH4) 
per gram volatile solid (VS) added (mL.CH4/g.VS.added) in comparison to the single-stage 
process (20.57 mL CH4/g.VS.added) and two-stage process (77.60 mL CH4/g.VS.added) 
 without using biofilm. Two-stage process using biofilm also effectively reduced organic 
matters in the culture in which the system reached 61% BOD removal in comparison to the 
single-stage process and two-stage process without biofilm that only had 27.6 and 39.3% 
BOD removal, respectively. This study suggested that the two-stage process using biofilm 
would be the preferred technique for treating starch waste and landfill leachate.

  Keywords: two-stage, landfill leachate, starch waste, methane
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BOD = Biochemical Oxygen Demand; COD = Chemical Oxygen Demand; EC = Electrical 
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gen; TS = Total Solids; VFA = Volatile Fatty Acids; VS = Volatile Solids



54 Darwin et al.

1. Introduction

Anaerobic digestion is the technology that has been widely recognized and 
applied in waste treatment process. This is due to the fact that the technol-
ogy is effectively used for biologically treating the organic liquid and solid 
wastes prior to the disposal [1]. Currently, anaerobic digestion has become 
an attractive technology that has been developed for the conversion of or-
ganic waste into valuable products such as renewable energy (i.e. biogas) 
and biofertilizer. Yenigün and Demirel [2] mentioned that recently study on 
anaerobic digestion has been conducted in various aspects including process 
performance and stability, operational and environmental parameters, inhi-
bition and toxicity, and optimization of end-product formation. The types of 
feedstocks and/or substrates used would also be more attractive to study in 
the process of anaerobic digestion. This is due to the fact that the types of sub-
strate used and pre-treatment methods applied in anaerobic digestion would 
significantly affect both the performance of anaerobic digestion process and 
the end-products produced [3, 4].

Starch wastes are a potential feedstock that could be used as a substrate 
for anaerobic digestion process. This is because they are available abundant-
ly, and contain organic polymers high in carbohydrate [5]. Thus, anaerobic 
digestion of starch wastes could sustain the production of renewable energy 
without any competition with the global food stocks. Although starch wastes 
are biodegradable and easy to hydrolyze, the process of anaerobic digestion 
is somewhat instable. This is due to the fact that the starch wastes are easily 
digested, and thereby would potentially increase the formation of interme-
diate products (i.e. organic acids and alcohols) during the acidogenesis [6].

Organic acids such as volatile fatty acids (VFA) and lactic acid build-
up in the anaerobic digester would increase proton (H+) concentration, and 
thereby could lower pH in the culture. Acidic condition would toxify and in-
hibit the process of anaerobic digestion, and thereby lead to the digester up-
set [1, 7]. An imbalance between acid formation and acid utilization occurred 
since acidification phase that forms VFA could occur at low pH while meth-
anogens that utilize VFA would be inhibited at low pH. Thus, this condition 
could lead to acid accumulation in the anaerobic digester [8, 9]. Study con-
ducted by Yang et al. [9] revealed that a prolonged period of VFA accumula-
tion and low pH in the digesters would decrease population of methanogens. 
The authors found that acidic condition caused by the accumulation of VFA 
would significantly inhibit methanogenesis and the growth of methanogens.

The deficiency of trace elements of starch wastes would also limit the 
formation of methane gas. This is due to the fact that trace elements play 
significant role in anaerobic processes [10, 11]. Some studies showed that 
the life and growth of microbes during the process of anaerobic fermenta-
tion would be highly dependent on the availability and/or sufficient sup-
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ply of nutrients including trace elements, such as nickel, cobalt, and mo-
lybdenum [12–14]. Therefore, it is crucial to find the solution to deal with 
the problems in regards to the deficiency of trace elements in starch waste, 
and an instable process of anaerobic digestion of starch wastes as a single 
substrate.

In order to overcome the problem of acid accumulation during the di-
gestion of bio-degradable materials such as starch wastes, the technology of 
anaerobic co-digestion would be feasible to be applied by combining vari-
ous types and/or different characteristics of substrates used [15]. Anaerobic 
co-digestion would generate some benefits as it could lower the operation-
al cost of waste management, enhance digestion efficiency, and also could 
increase the buffer capacity to stabilize the process of anaerobic digestion 
[16, 17]. Some studies had revealed that anaerobic digestion could prevent 
VFA build-up in the digester, and would provide balance nutrients required 
for completing the process of anaerobic digestion to form methane as the 
end-product.

The substrate used in this study was starch waste, which was considered 
as biodegradable substrate with carbon-rich material [18]. Thus, it would be 
feasible to combine this substrate with another substrate which contains high 
concentration of ammonium nitrogen. This would be highly significant as 
the combination of the substrate with high content of carbon with the sub-
strate with high concentration of ammonium nitrogen would enhance the 
ratio of carbon to nitrogen in the digester [17, 19]. By conducting co-digestion 
of these two substrates, the synergetic effect among organic substrates and 
the performance of anaerobic digestion process would be improved [20, 21]. 
Further, the balance of nutrients needed for the process of anaerobic diges-
tion would also be enhanced [22].

In order to deal with the problems of the imbalance in nutrients during 
the process of anaerobic digestion of starch wastes, the use of landfill lea-
chate as a co-substrate would be potential [23]. However, when landfill lea-
chate is used as the single substrate for the process of anaerobic digestion, the 
performance of methanogens to form methane would be restricted by high 
concentration of ammonia [24]. Thus, by conducting anaerobic co-digestion 
of starch waste and landfill leachate, the process of digestion would be im-
proved through balancing nutrients and carbon to nitrogen ratio.

Even if the process of anaerobic co-digestion could potentially enhance 
the production of methane due to the availability of sufficient and balanced 
nutrients, the risk of acid build-up would still be the major problem once the 
process is operated in the conventional single stage anaerobic digestion [8, 
25]. This potentially occurs as the rate of organic acid or VFA production is 
higher than the rate of methane formation [26]. To deal with this problem, 
two-stage anaerobic digestion would be feasible to prevent acid accumula-
tion in the single or conventional anaerobic digesters.
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Two-stage anaerobic digestion would effectively prevent VFA and/
or organic acids accumulation in the digester as in this system the stage of 
acidification is conducted in the separated reactor of the methanogenesis re-
actor [27]. Thus, the rapid production of organic acids during the acidogen-
esis phase would not disturb the methanogenic activities [28]. Further, in 
the two-stage anaerobic digestion, the conversion of intermediates obtained 
from the acidification process into methane gas would easily be controlled. 
This process would help methanogens to utilize VFA effectively in order to 
form methane as the end-product and to avoid acid accumulated in the re-
actor, and thereby would significantly enhance methane productivity and 
yield [29].

In this present study, anaerobic digestion of starch waste was evaluated, 
and untreated raw landfill leachate was used as co-substrate. The objective of 
the study was to evaluate the performance of anaerobic co-digestion of starch 
waste and landfill leachate in single and two-stage processes. The current 
study also aimed to study the impact of the use of biofilm on methane yield 
and the effectiveness of starch waste treatment process, as well as to describe 
the effect of biofilm usage on the prevention of biomass washout during the 
conversion process of starch waste into methane.

2. Materials and methods

2.1. Substrate and leachate collection

The raw leachate used as co-substrate for this study was collected from the 
landfill area located in the Javanese Village, Banda Aceh, Indonesia. Starch 
waste used for this experiment was collected from the traditional markets lo-
cated in Peunayong, Banda Aceh, Indonesia. After collecting, starch wastes 
are sorted and screened to remove any contaminants (i.e plastics, metals, 

Table 1. Characteristics of leachate used

Parameters Value

pH 8.08 ± 0.012
COD (mg/L) 5837.04 ± 0.001
TKN (mg/L) 818.48 ± 0.010
EC (mS) 16 ± 0.013
TDS (mg/L) 8.0 ± 0.11 
ORP (mV) –111 ± 0.105
BOD (mg/L) 30 ± 1.146
NH4-N (mg/L) 9 ± 1.1
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woods, and stone/sands) that could inhibit the digestion process. The ma-
jor components of the starch waste used were potatoes, cassava and corn 
starch. The collected starch waste was crushed, blended and homogenated. 
The blended starch waste was stored in the fridge at ± 4 °C prior to use. 
The characteristics of raw leachate landfill used as co-substrate are shown 
in Table 1.

2.2. Experimental procedures

Anaerobic co-digestion of starch waste and leachate was carried out in single 
and two-stage operations. A 10% inoculum used to speed up the inoculation 
process was taken from an anaerobic digester of cow manure. The process of 
anaerobic digestion was operated under the mesophilic condition at 35 ± 1oC. 
To evaluate two-stage anaerobic digestion process, two sub-sequential reac-
tors are utilized. In order to operate acidogenesis and methanogenesis pro-
cess, each reactor used has a working volume of 3000 mL. Prior to the start of 
anaerobic digestion process, each reactor is purged with 100% N2 gas for 5–10 
minutes in order to remove oxygen contamination. Hydraulic retention time 
(HRT) applied for acidogenesis process was 5 days while methanogenesis 
was 25 days. The flow rates applied to the acidogenesis and methanogenesis 
reactors were 600, and 120 mL/day, respectively. The organic loading rate 
(OLR) used in the process of acidogenesis and methanogenesis were 2.91, 
and 0.58 gram volatile solid per liter per day (g.VS/L.day).

In order to enhance the performance of anaerobic digesters for optimiz-
ing methane productivity, biomass recycling system was applied by using 
biofilm carrier, which was installed inside in the reactor. In two-stage anaero-
bic digestion, effluent generated from acidogenesis process will subsequently 
be used as a substrate for methanogenesis process. This process is applied to 
optimize the production of methange. Gas generated from methanogenesis 
reactor will be purified by 4 mol/L of sodium hydroxide solution.

2.3. Analytical methods

The parameters of influent and effluent obtained from anaerobic acidogenesis 
and methanogenesis reactors were analyzed in triplicates for pH, oxidation 
reduction potential (ORP), Total solids (TS), Volatile solids (VS), unseeded bi-
ochemical oxygen demand (BOD), total kjedahl nitrogen (TKN), ammonium 
nitrogen (NH4-N), total dissolved solids (TDS), Electrical conductivity (EC). 
Measurement of all parameters was carried out according to the Standard 
Methods [30]. Volatile solids reduction (%VS reduction) was analysed in or-
der to evaluate the biodegradation efficiency during the process of anaerobic 
digestion, which was based on the formula mentioned in the previous studies 
[31, 32]. Methane production rates were measured as the volume of methane 
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generated per day, and the methane yield was measured according to the 
total methane produced per gram starch or volatile solids added [27, 31].

3. Results and discussion

3.1. Anaerobic co-digestion of leachate and starch wast
in single-phase process

In order to evaluate the biodegradability of anaerobic co-digestion of 
starch waste and leachate in conventional/single stage process, continu-
ous operation under the mesophilic condition was set up with the HRT of 
25 days. Table 2 showed the characteristics of influent prior to the process 
of anaerobic digestion. This experiment showed that anaerobic co-diges-
tion of starch waste and leachate has significant amount of organic materi-
als that could potentially be used as a substrate for methane production in 
which the percentage of volatile solid represented as organic content was 
about 98.33%.

As shown in Table 2, the culture of anaerobic co-digestion of starch waste 
and leachate was somewhat alkaline in which pH influent obtained was 
about 7.93. This may indicate that the use of leachate as co-substrate would 
potentially contribute to the increase of ammonium nitrogen concentration 
required for balancing high carbon content in starch waste. This is in accord-
ance with the study by Khalid et al. [34], which mentioned that nitrogen in 
the form of ammonium would contribute to stabilize pH in anaerobic culture. 
Some studies revealed that nitrogen is a critical nutrient required for the syn-
thesis of protein and the essence of microbial growth in the process of anaer-
obic digestion [34, 35]. Nitrogeneous compounds that contain protein would 
be converted into ammonium via anaerobic digestion. During the process of 

Table 2. Characteristics of influent from anaerobic co-digestion 
of leachate and starch waste in single stage process

Parameters Influent

pH 7.93 ± 0.015
TS (%) 1.5 ± 0.05
VS (%) 98.33 ± 0.22
TDS (mg/L) 2080 ± 0.15
EC (mS) 4.18 ± 0.02
BOD (mg/L) 29 ± 1.50
NH4-N (mg/L) 8.85 ± 0.55
ORP (mV) –112 ± 0.05
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anaerobic digestion, microorganisms would utilize ammonium to form new 
cell mass [34, 36].

Results showed that anaerobic co-digestion of starch waste and leachate 
carried out in a single-stage operation did not peform satisfactorily in terms 
of methane production. As depicted in Fig. 1, the total methane production 
obtained in the process of anaerobic co-digestion of starch waste and raw 
landfill leachate was less than 1 liter (910 mL) within 30 days of digestion 
process. This could be attributed to the drop of pH during anaerobic diges-
tion process in which pH culture dropped from 7.93 to 6.22 within 6 days of 
incubation period. The results are in accordance with the study by Liao et al. 
[24], which revealed that anaerobic co-digestion of leachate and food waste 
in a single stage process had a problem of accumulated acid in the digester. 
The authors found that a drop of pH was in the range between 4.98 and 5.42. 
This indicated that acid build-up during the process of anaerobic digestion of 
foodwaste containing starch would still occur even if the anaerobic digestion 
was added a co-substrate of leachate which had a rich of nitrogen content.

In this experiment, a drop of pH started at day 6, and continuously oc-
curred to the end of the anaerobic digestion process tested (day 30). This 
condition caused acidity in the anaerobic culture, and thereby lowered the 
production of methane as the end-product [37, 38]. This occurred as meth-
anogens were quite sensitive in the low pH, and thereby the conversion of 
intermediates into methane could be inhibited [38]. The results of the experi-
ments also showed that pH in the digester did not recover during the process 
of anaerobic digestion even if new fresh substrates were added continuously 
and the effluents were taken from the reactors simultaneously for 30 days of 
incubation. This is quite similar to the study conducted by Wang et al. [39], 
who found that the activitiy of methanogens could not be reconverted once 
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they had been inhibited and exposed to the acidic condition. They reported 
that VFA accumulated in the digesters, especially propionic acids (900 mg/L) 
would significantly inhibit and suppress the activity of methanogens.

Results of the experiments also revealed that during the process of an-
aerobic co-digestion of starch waste, the concentration of BOD did not de-
crease significantly in which the concentration was in the range between 30 
and 20 mg/L (Fig. 2). Further, the concentration of ammonia nitrogen fluctu-
ated between 8.85 and 7.45 mg/L. This may indicate that the low pH in the 
anaerobic culture could inhibit the degradation of organic materials, thereby 
could affect the methanogens to produce methane from the oxidation of in-
termediate products (i.e.VFA). This is in agreement with the study conducted 
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Fig. 2. Variation of concentration of BOD and NH4-N during anaerobic 
co-digestion of leachate and starch waste

Table 3. Characteristics of effluent from anaerobic co-digestion 
of leachate and starch waste in single stage process

Parameters Effluent

pH 6.27 ± 0.03
TS (%) 2.47 ± 0.02
VS (%) 89.88 ± 0.022
TDS (mg/L) 1940 ± 0.011
EC (mS) 3.7 ± 0.015
BOD (mg/L) 21 ± 2.105
NH4-N (mg/L) 7.45 ± 1.002
ORP (mV) –236 ± 0.001
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by Van Kessel and Russel [38], which revealed that the production of meth-
ane would stop when pH of the culture was lower than 6.0. Further, they re-
ported that the production of methane would recover once pH of the culture 
was increased to above 6.0.

3.2. Two-stage anaerobic co-digestion of leachate
and starch waste

Results from the previous tests revealed that anaerobic co-digestion of starch 
waste and leachate operated in a conventional and/or single stage did not 
perform well and produced less methane due to low pH caused by acid ac-
cumulation. In order to avoid acid accumulation and low pH during the pro-
cess of anaerobic digestion, the process of co-digestion of starch waste and 
raw landfill leachate was carried out in the two-stage system. Results of the 
experiment showed that anaerobic co-digestion of starch waste and leachate 
operated in the two-stage system could increase methane production with 
about three times higher in total methane production (3.3 L) in comparison 
to the single-stage process (0.9 L). This occurred as pH in the process of two-
stage anaerobic digestion was quite stable in which within 30 days of the 
operation pH culture was between 7.5 and 7.30 (Fig. 3, Tables 4, 5).

In terms of organic material removal, there was a tendency that BOD 
in the culture decreased from 28 to 17 mg/L (Fig. 4). This result is in agree-
ment with the study by Satyawali and Balakrishnan [40] revealing that dur-
ing the process of anaerobic digestion, the reduction of BOD indicated that 
the process of biomethanation occurred. Angelidaki et al. [41], mentioned 
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that biomethanation would occur when the organic wastes/materials were 
decomposed and converted into biogas in which methane was formed as the 
end-product of methanogens’ activities.

As depicted in Fig. 4, experimental results also revealed that ammonium 
nitrogen tended to decline within 30 days of the digestion process in which 
the concentration slightly dropped from 8 to 5 mg/L. Study conducted by 
Serna-Maza et al. [42] found that total ammonical nitrogen (TAN) in the cul-
ture could be significantly reduced when anaerobic digestion of food waste 
was operated in the semi-continuous system using a-side stripping process. 
They added that TAN as well as organic nitrogen would be significantly re-
duced when the process of anaerobic digestion was operated at high temper-
atures (70 and 85 °C) and alkaline condition (pH 10). Maintaining the process 

Table 4. Characteristics of influent from anaerobic co-digestion 
of leachate and starch waste in two-stage process

Parameter Influent

pH 7.52 ± 0.01
TS (%) 1.52 ± 0.015
VS (%) 96.67 ± 0.03
TDS (mg/L) 2820 ± 0.012
EC (mS) 8.19 ± 0.01 
BOD (mg/L) 28 ± 0.011
NH4-N (mg/L) 7.95 ± 0.05
ORP (mV) –102 ± 0.001

Table 5. Characteristics of effluent from anaerobic co-digestion 
of leachate and starch waste in two-stage process

Parameter Effluent

pH 7.38 ± 0.01
TS (%) 2.5 ± 0.15
VS (%) 65.6 ± 0.13
TDS (mg/L) 4360 ± 0.05
EC (mS) 8.2 ± 0.101
BOD (mg/L) 17 ± 1.135
NH4-N (mg/L) 5.05 ± 0.45
ORP (mV) –125 ± 0.011



Two-Stage Anae robic Co-digestion of Landfill Leachate and Starch Wastes… 63

of anaerobic digestion at pH of 10 would increase the percentage of TAN 
reduction due to alkaline hydrolysis. In this current study, the concentration 
of NH4-N was somewhat too low (5–8 mg/L), which was similar to the study 
by Zhang et al. [23], reporting that low concentration of ammonia-N would 
indicate that most of nitrogen in anaerobic culture was in the form of organic 
nitrogen like protein.

3.3. Two-Stage anaerobic co-digestion of leachate
and starch waste using biofilm

As anaerobic digestion was operated in a continuous mode, there was a ten-
dency that the rate of biomass washout would be higher than the rate of 
biomass reproduction. If this occurred the production of methane would 
decrease once the process of anaerobic digestion was operated in the long 
period. Basri et al. [43] mentioned that biomass washout had been one of the 
main problems found in the process of anaerobic digestion operated in the 
continuous system. Thus, in order to prevent biomass washout and optimize 
methane production, anaerobic co-digestion of starch waste and leachate was 
conducted by attaching biofilm in the digesters.

Results of the experiments showed that anaerobic co-digestion operat-
ed in two-stage process using biofilm could significantly increase methane 
production. The total production of methane from anaerobic co-digestion us-
ing biofilm was about 67% higher than the co-digestion that was not using 
biofilm (Figs 3, 5). In terms of waste management process, attaching biofilm 
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in the digesters could help reduce the organic materials and/or organic pol-
lutant presented in the waste stream. In this current study, the organic mate-
rials represented in BOD was reduced significantly from 26 to 9 mg/L, and 
also ammonium nitrogen decreased from about 6 to 4 mg/L (Fig. 6). This is 
in agreement with the study by Lai et al. [44] revealing that the use of bio-
film effectively reduced the organic materials in the coking wastewater. They 
mentioned that reactor attached with biofilm for treating wastewater could 
significantly reduce chemical oxygen demand (COD) and ammonia nitrogen 
concentration in which the percentage of COD and NH3-N removal obtained 
were about 96 and 99%, respectively.

Table 6. Characteristics of influent from anaerobic co-digestion 
of leachate and starch waste in two-stage process using biofilm

Parameter Influent

pH 7.49 ± 0.01
TS(%) 1.55 ± 0.015
VS (%) 96.77 ± 0.011
TDS (mg/L) 2720 ± 0.101
EC (mS) 3.61 ± 0.05
BOD (mg/L) 26 ± 1.125
NH4-N (mg/L) 5.8 ± 1.20
ORP (mV) –97.8 ± 0.22
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3.4. Biodegradation efficiency of anaerobic co-digestion

In order to evaluate the performance of anaerobic co-digestion process, as-
sessment on the biodegradation efficiency was highly significant [45]. In this 
current study, some parameters used to evaluate the effectiveness of digesti-
bility and/or coversion on anaerobic co-digestion included methane produc-
tion and organics removal. Studies mentioned that some parameters used for 
determining the effectiveness of anaerobic digestion process include volatile 
solid reduction, total methane production and methane yield [45, 46].

Results of the experiments showed that anaerobic co-digestion of starch 
waste and leachate operated in the two-stage reactors with biofilm producing 

Table 7. Characteristics of effluent from anaerobic co-digestion 
of leachate and starch waste in two-stage process using biofilm

Parameter Effluent

pH 7.41 ± 0.02
TS (%) 2.51 ± 0.04
VS (%) 37.45 ± 0.05
TDS (mg/L) 4350 ± 0.01
EC (mS) 5.11 ± 0.013
BOD (mg/L) 9 ± 1.105
NH4-N (mg/L) 3.58 ± 0.02
ORP (mV) –109 ± 0.001
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more methane per day (188 mL CH4/day) in comparison to the reactors op-
erated in single stage system (30 mL CH4/day), and two-stage system with-
out using biofilm (112 mL CH4/day). As presented in Table 8, methane yield 
obtained from the two-stage reactor using biofilm was about 125 mL CH4/g.
VS.added, which was about 61% higher than two-stage reactor without bio-
film, and about six times higher than conventional or single-stage operation. 
The finding of this research is in accordance with the study conducted by 
Michaud et al. [47] revealing that the methane yield increased with time dur-
ing biofilm development indicating that the presence of biofilm in the reactor 
would provide the site for active biomass to stay longer in the anaerobic reac-
tors, and help them convert and decompose organic materials into methane 
as the main end product. High methane yield obtained due to the fact that 
biofilm carrier attached into the reactors would enhance the development of 
biomass indicating that organic materials were highly required for microbial 
anabolism, and thereby would enhance the reduction as well as conversion 
of organic matters into methane [47].

The results of the current study also showed that the process of anaero-
bic co-digestion of starch waste and leachate carried out in the two-stage op-
eration using biofilm was more superior in terms of organic material removal 
in comparison to the two-stage process without using biofilm and the single 
stage operation. As shown in Table 8, the co-dgestion operated in the two-
stage system using biofilm had the highest percentage of volatile solid (VS) 
reduction (61%) and BOD removal (65%), in comparison to the two-stage sys-
tem that only had 32% of VS reduction and 39% of BOD removal, and also 
single-stage or conventional operation that had merely 8% and 27% of VS 
reduction and BOD removal, respectively. The results suggested two-stage 
anaerobic co-digestion of starch waste and leachate operated in the reactor 
using biofilm was more effective in degrading organic materials, and also 
the technology could be applied in order to enhance and optimize the pro-
duction of methane as a renewable energy. The results of this study are also 
in agreement with the study by Karadag et al. [48] revealing that the use of 

Table 8. Efficiency of digestion

Parameter Single-phase Two-phase 
reactor

Two-phase reac-
tor with Biofilm

Total methane production (mL) 910 3375 5630
Methane productivity ( mL CH4/day) 30.33 112.5 187.67
Methane yield (mL CH4/g VS) 20.57  77.60 125.11
Volatile solids reduction (%) 8.59  32.15 61.30
BOD removal (%) 27.58  39.28 65.39
Ammonia removal (%) 15.82  36.48 38.30
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biofilm in the process of anaerobic digestion could provide high performance 
stability and hybrid bioreactors, which significantly contributed to increase 
in methane production, and effectively enhancing organic matter reduction.

4. Conclusions

 Anaerobic co-digestion of starch waste and landfill leachate operated in the 
two-stage system could help reduce a drop of pH, and minimize accumulat-
ed acid in the bioreactors. In this process pH was stable in the range between 
7.4 and 7.5, while pH in the single stage system dropped from 7.93 to 6.27. 
A stable process in the two-stage anaerobic co-digestion generated almost 
four times higher methane production (3400 mL) in comparison to the single 
stage operation, which only had about 900 mL. Biofilm attached to the reac-
tors operating the two-stage anaerobic co-digestion could effectively increase 
organics matter removal (65% of BOD removal), and significantly enhance 
methane productivity (188 mL CH4/day). This current finding is highly sig-
nificant not only for the wastewater treatment plants but also for the industry 
producing gaseous biofuels.
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