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Anaerobic digestion of tofu-processing wastewater was carried out in batch and continuous systems. The per-
formance of a continuous system was investigated at the hydraulic retention time of 10 days and the organic
loading rate of 0.752 kg/m?3day. Anaerobic digestion operated in the continuous system generated higher bi-
ogas yield (123 mL/g VS) compared with the batch system (43 mL/g VS). The assessment of biodegradation
efficiency showed that a continuous reactor had higher VS reduction (76%) in comparison with the batch reactor,
which only had 57% VS reduction. The results of the current study also revealed that anaerobic digestion applied
for treating the tofu-processing wastewater could recover pH culture from the acidic condition (pH 5) into the
level close to the neutral condition (pH 6.6). The current study is highly significant for the development of applied
technology for protecting environment.
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Introduction

Food processing industries have been growing rapid-
ly in many places. Currently, the industries have been
classified as vital industries if they are responsible
for supplying food to the consumers. The presence of
the food-processing industries in some places could
normallyprovide some benefits to the society such as
enhancing economic growth by providing new jobs for
people and increasing food production to secure the
food stock. However, some negative effects generated
from the industries such as water and soil pollution
should not be neglected (Kanu et al., 2011). This is due
to the fact that food-processing industries produce
tons of organic wastes. If the wastes generated are
directly disposed to the land or water body, they could
damage the environment and destroy an ecosystem
in water bodies (Carucci et al., 2005).

Some conventional food processing industries that do
not have sufficient and feasible facilities to treat or-
ganic wastes tended to dispose the wastes into a wa-
ter channel and local drainage. Regular and/or con-
tinuous disposals of organic wastes into a water body
could reduce dissolved oxygen and increase biological
and chemical oxygen demand in the water, and there-
by could lower the surface water quality (Burkholder
et al., 2007; Gyawali et al., 2012). The polluted water
would affect the health and life of human beings living
close to the industry(Chukwu, 2009).

Besides, contaminated water could stimulate the
growth of microbial activity in the water (Cabral,
2010). Thus, the condition would have negative effects
on humans as some microbes may be pathogens that
could spread out diseases to the ones consuming
contaminated water(Solomon et al.,, 2002; Islam et
al., 2004). One of the food-processing industries that
potentially contribute to environment pollution is the
tofu-processing industry. This occurs as the industry
may discharge the effluent having a high concentra-
tion of organic wastes (Lay et al., 2013).

Research and development on the treatment of to-
fu-processing wastewater is significant as the finding
and technology developed could be directly applied to
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cut off pollution caused by the direct disposal of the
wastewater. One of the technologies that could effec-
tively be applied to treat tofu-processing wastewater
is anaerobic digestion technology. This is due to the
fact that anaerobic digestion is an established tech-
nology that has been widely used for treating organ-
ic wastes (Alkaya and Demirer, 2011; Darwin et al,,
2018a). The technology could effectively reduce or-
ganic materials and convert them into biogas that can
be used as renewable energy (Alkaya and Demirer,
2011; Mata-Alvarez et al., 2000; Mir et al., 2016).

Anaerobic digestion is a complex process that con-
sists of several stages (i.e.,acidogenesis, acetogen-
esis and methanogenesis) which involve different
types of microorganisms (Adekunle and Okolie, 2015).
Therefore, maintaining and/or controlling appropriate
operating conditions (i.e., pH, temperature) are cru-
cial for supporting anaerobic microbes to complete
the biodegradation process (Chae et al., 2008; Darwin
etal., 2018a). Operational parameters such as organic
loading rate (OLR) and hydraulic retention time (HRT)
should also be taken into consideration when the
process of anaerobic digestion is carried out under a
continuous system (Gonzalez-Fernandez et al., 2013;
Darwin et al., 2017).

Some studies have revealed that anaerobic diges-
tion of wastewater could be effectively operated at
the ranges of HRT between 25 and 30 days (Lim et
al., 2012). Even if those HRT ranges are effective for
reducing organic materials in wastewater (Lim et al.,
2012), the treatment would be ineffective when the
anaerobic digesters receive too much wastewater
that should be treated. Thus, the current study aimed
to evaluate anaerobic treatment of tofu-processing
wastewater with short HRT, and to investigate wheth-
er short HRT and high OLR applied could remove or-
ganic materials and enhance the conversion rate of
organic pollutants in tofu-processing wastewater.
Therefore, the treatment of tofu-processing waste-
water would be accomplished quicker.
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Materials and Methods

Wastewater collection

Tofu wastewater used for this experiment was tak-
en from the tofu-processing industry at Punge Blang
Cut, Banda Aceh. The wastewater was stored in the
fridge at the temperature of 5°C prior to the experi-
ment. No inoculums was used for this experiment as
the research was carried out to treat tofu-processing
wastewater directly through the anaerobic process.
The process of anaerobic digestion conducted in this
experiment was dependent on the presence of mi-
crobes in the wastewater. Thus, the performance of
anaerobic digestion would be based on the operating
conditions used.

Reactor operation

Batch processes of anaerobic digestion were carried
out in a bioreactor with 3 litre of the working volume.
During the experiment, the temperature of the biore-
actor was maintained at 35°C by using a water bath
computerised respirometer. Batch experiments were
carried out in triplicates. The duration of the batch ex-
periments was based on the point at which the anaer-
obic digester stopped to produce biogas completely as
suggested by a previous study (Darwin et al., 2016a).
Daily samples taken before and after the incubations
were analysed to assess the performance of the batch
process. In this study, the batch experiments were
concluded and stopped on day 15 of incubation.

A semi-continuous reactor was operated in a steady
state condition in which the temperature was con-
trolled under the mesophilic condition at 35°C. The
working volume of the reactor was 3 litres, and the
hydraulic retention time (HRT) applied was 10 days.
The organic loading rate applied in this semi-continu-
ous operation was 0.752 kg/m?3day. In order to ensure
the process of anaerobic digestion running properly,
pH of the culture was measured periodically dur-
ing the feeding and the wasting period. The influent
and effluent samples were taken every day for the
analysis. To accomplish a steady state condition, the
semi-continuous reactors were operated for 30 days.
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Analytical methods

All samples obtained from the influent and effluent
were analysed for pH, total solids (TS) and volatile
solids (VS), total dissolved solids (TDS), total potas-
sium (K), phosphorous (P), chemical oxygen demand
(COD) and total kjedahl nitrogen (TKN). All analysis
procedures were carried out according to the stand-
ard methods(APHA, 2012). The biogas production rate
was measured based on the volume of gas produced
per day, and the biogas yield was measured based on
the cumulative gas produced per gram volatile solids
added (Parawira et al., 2008; Darwin et al., 2014). In
order to evaluate the effectiveness of the degradation
during the process of anaerobic digestion, COD re-
moval and VS reduction were analysed and calculated
according to the formula used and mentioned in the
previous studies (Joanne, 1991;Darwin et al., 2016b).

Results and Discussion

Batch operation

In order to evaluate to what extent tofu-processing
wastewater influences the behaviour of microbial ac-
tivities in a closed culture system, anaerobic treatment
process was carried out under the batch system. The
characteristics of the anaerobic treatment process
of tofu-processing wastewater operated in the batch
system are presented in Table 1. As shown in Table
1, anaerobic digestion of tofu-processing wastewater
carried out in the batch system was operated under
the acidic condition in which pH of the influent was
5.12. This indicated that the initial pH culture was quite
far from the expected pH for operating the process of
anaerobic digestion. The study revealed that to opti-
mise and stabilise the process of anaerobic treatment
for treating wastewater, pH culture should be main-
tained under the neutral level (Zhang et al., 2005).

Another study mentioned that when pH culture was
under the acidic condition, the process of anaerobic
treatment for removing organic materials would be
restricted (Chen and Cheng, 2008). As the process of
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anaerobic treatment of tofu-processing wastewater
was carried out under the acidic condition, the forma-
tion of methane gas as the end-product was inhibited.
A study conducted by Liu et al. (2008) revealed that the
activity of methanogens would completely be inhibit-
ed when pH culture was at about 5.5. This suggests
that methanogens are very sensitive to the acidic con-
dition (Liu et al., 2008). An inhibition of methanogen
activity during methanogenesis process would signif-
icantly affect the degradation of organic wastes, and
thereby would limit the process of organic removals
during the anaerobic digestion.

Table 1
Anaerobic treatment performance operated in a batch mode
Parameter Influent Effluent
1 2 3
pH 5.12+0.02 6.47 +0.02
TDS (ppm) 1148.33 £ 10.41 1450 + 50
EC (mS) 2.3+0.02 2.90+0.1
TS (%) 1,07 + 0.09 0.50+0.11
VS (%) 68.99 +1.051 48.91 +3.86
COD (mg/L) 7796.07 + 13.52 7459.67 +175.42
TKN (mg/L) 33854+2.13 276.67 + 33.83
P (mg/L) 48.21+£1.99 46.00 +5.29
K (mg/L) 537.47 +7.07 597.67 + 28.04

Since the collected tofu-processing wastewater load-
ed into the anaerobic digester had been already in
the acidic condition (pH 5.2) as shown in the influent
sample (Table 1), the anaerobic acidification process
would occur in which the acidogenic microbes would
dominate the digestion process (Li et al,, 2011). Some
studies also revealed that pH between 4.0 and 5.0
could stimulate the growth of acid-forming microbes
(Ye et al,, 2007; Rhee et al,, 2011; Darwin et al., 2018b).
Further, the acidic condition could alsostimulate the
growth of acidogenic bacteria to convert soluble or-
ganics into organic acids (i.e., volatile fatty acid and
lactic acid), and thereby could increase proton concen-
tration in the anaerobic culture and lead to the drop of
pH (Darwin et al., 2018b; Wang et al., 2014). Once pH
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of the culture was too low (pH < 6.0), the acidifica-
tion process would naturally occur in the anaerobic
digester (Darwin et al., 2018b; Zhu and Béland, 2006).
Thus, anaerobic digestion operated under the acidic
condition (pH 5.0) could enhance the acid build up in
the digester, and finally may screw up the process of
biogas production.

In this present study, during the process of anaero-
bic digestion, pH culture was not adjusted or buffered
through the addition of alkaline solution. Thus, the
drop of pH in the anaerobic culture may induce the
acid-forming microbes to grow and produce organic
acids (Darwin et al., 2018b). The acidic conditions (pH
< 6.0) could inhibit the growth of methanogens (Bat-
stone et al., 2002), and thereby could lower the yields
and the production of methane gas as the end-product
(Chen and Cheng, 2008). In this current study, an inter-
esting thing occurred in the batch process in which
after 4 days of incubation the biogas was continuously
produced. As shown in Table 1, pH effluent was about
6.5 indicating that during the anaerobic digestion op-
erated in the batch mode pH culture could increase
naturally, and thereby could stimulate anaerobic mi-
crobes to produce biogas as the end-product.

The results of the study showed that anaerobic diges-
tion of tofu-processing wastewater under the batch
operation could produce 950 mL of biogas at 15 days
of incubation (Fig. 1). This indicated that the produc-
tion of biogas still occurred even if the culture was
acidic. This happened due to the fact that during the
process pH was recovered or increased from about

Fig. 1
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5.0 to 6.5 (Table 1). This result is also in agreement
with the study by Cho et al. (1995) who found that pH
increased and recovered after a few days of digestion
that could be attributed to the decrease of organic acid
concentration in the culture.

Fig. 1

Cumulative biogas production under batch operation
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The results also showed a lag phase that occurred in
the batch test and was quite long, i.e., about 4 days of
incubation (Fig. 1). This could be caused by the acidic
condition that may slow down anaerobic microbes to
grow and convert organic wastes into end-products.
This is in line with the study by Francois et al. (2007)
revealing that low pH in a fermentation broth may
cause a prolonged lag phase of microbial growth. The
results of the current study suggested that the con-
version of organic materials into biogas was inhibited
by low pH.The study showed that low pH (pH 5.0-5.5)
could suppress the growth of methanogens, and ef-
fectively inhibit methanogenic activity for cutting the
production of biogas (Chae et al., 2010).

As no any other inoculum was added into the reactor,
the activity of anaerobic biomass represented in the
biogas production was also limited in the early stage
of incubation. This is due to the fact that microbes
might need some time to acclimatise with the anaer-
obic condition prior to conducting the conversion of
substrates into the end-products. In this current study,
the lag phase occurring within 4 days of incubation
could be attributed to the microbial growth cycle rep-
resented with the time period needed for microbes to
adapt to a new environment prior to commencing cell
multiplication (Robinson et al., 2001). In this condition,
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microbes needed some time to adapt from the aero-
bic into the anaerobic condition.

The results of the present study showed that the lim-
itation of anaerobic microbe activity in the early stage
of fermentation was not only caused by the culture
that had not been adapted to the anaerobic condition
previously, but the inhibition might have also been
aggravated by acidity in the culture (pH < 5.5). The
study conducted by Bouallagui et al. (2005) revealed
that inhibition in the process of anaerobic digestion
for biogas production was observed when pH in the
anaerobic culture fell to 5. This is in line with the study
conducted by Hu et al. (2004) revealing that the per-
centage of substrate degradation decreased when pH
culture was lower than 5.8.

Continuous operation

The results from the batch tests showed that anaer-
obic digestion of tofu-processing wastewater did not
perform sufficiently well due to low pH. The acidic
conditions extended the lag phase period in the batch
reactor, and inhibited the conversion of organic mate-
rials to form biogas. In the real wastewater treatment
plant, the anaerobic digester would receive a continu-
ous supply of wastewater. Thus, an effective method
for operating the continuous system of the anaerobic
digester would be required in order to have the capa-
bility to treat wastewater daily. To evaluate whether
continuous feeding of wastewater could help recover
the acidic culture into an acceptable level of pH, an-
aerobic digestion of tofu-processing wastewater was
carried out in a continuous mode. In this experiment,
the short HRT of 10 days was applied in order to speed
up the change and recovery of the acidic culture in the
anaerobic digester.

The results showed that anaerobic digestion of to-
fu-processing wastewater operated in a semi-con-
tinuous mode could increase pH from 5.16 to 6.56
(Table 2). Even if pH culture was still in the acid level or
below than neutral level, it was in the range of tolerat-
ed pH (pH 6.5-8.0) for operating anaerobic digestion
(Cioabla and lonel, 2012). The study revealed that the
optimum pH for operating anaerobic digestion was
in a range of 6.8 up to 7.2 (Cioabla and lonel, 2012).
In this current study, continuous operation applied in
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the process of anaerobic digestion of tofu-processing
wastewater was to shorten the lag phase from 4 to 2
days of incubation, and thereby could increase and/or
speed up the production of biogas.

Table 2
Anaerobic treatment performance operated in a semi-continuous mode

Parameter Influent Effluent

1 2 3

pH 5.16 £0.03 6.56 £ 0.01
TDS (ppm) 1146.67 +16.07 1411.67 £ 20.21
EC (mS) 2.31+£0.17 2.80 £ 0.04
TS (%) 1.08 + 0.095 0.40+0.03
VS (%) 69.60+0.73 35.64 +0.58
COD (mg/L) 7796.40 +17.12 4807.95 + 244.8
TKN (mg/L) 336.32+5.23 208.28 +1.81
P (mg/L) 4488 +0.77 65.39 +3.57
K (mg/L) 540.71 + 2.44 372.76 + 4.09

The results also revealed that the continuous system
produced more than double of biogas (2770 mL) in
comparison with biogas produced under the batch
operation (Fig. 2). The results suggested that the
continuous operation was able to recover pH culture
from the acidic condition into the appropriate lev-
el for operating anaerobic digestion. This indicated
that the changes in the anaerobic culture caused by
loading and wasting wastewater in the continuous
system would be able to minimise the acid build-up

Fig. 2
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that would generate toxicfor the anaerobic microbi-
al cultures. The results of the current study are quite
different from the study conducted by Bouallagui et al.
(2005)finding that anaerobic digestion operated with
the short HRT could not maintain the pH level in which
they found that when HRT was shifted from 20 to 10
days, pH dropped from 7 to 5. The difference occurred
due to the fact that the present study started the an-
aerobic digestion with HRT of 10 days while the pre-
vious study initiated the anaerobic process with the
HRT of 20 days and shifted it into 10 days.

Biodegradation efficiency

The digestibility of organic wastes loaded into the
anaerobic digester is an important parameter used
to determinethe effectiveness of conversion and the
quantity of biogas produced during the process of
anaerobic digestion (Wilkie, 2005). Besides, Mata-Al-
varez et al. (2000)mentioned that some criteria used
for determining the success of anaerobic digestion in-
cluded volatile solid (VS) reduction, total gas produc-
tion and gas yield. In this current study, the efficiency
of biodegradation was evaluated in both batch and
continuous operations.The summary of the digestion
efficiency is presented in Table 3.

Table 3
Efficiency of digestion

Parameter Semi-continuous Batch

reactor reactor
1 2 3

Total Biogas Production (mL) 2770 947
Biogas yield (mL/g VS) 122.84 42.76
Volatile solids reduction (%) 75.81 56.97
COD removal (%) 38.33 4.31

The results of the experiments showed that the con-
tinuous system produced almost three times higher
biogas yield (123 mL/g VS) in comparison with the bi-
ogas yield generated in batch operation (43 mL/g VS).
High biodegradation efficiency of anaerobic digestion
of tofu-processing wastewater was also determined
by the percentage of volatile solid reduction. The re-
sults showed that the continuous reactor had a higher
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percentage of volatile solid reduction (76%) in com-
parison with the batch digester, which had only 57%
of volatile solid reduction. This current result is quite
close to the study conducted by Schieder et al. (2000)
who successfully reached 80% of VS reduction from
the process of anaerobic digestion of organic wastes.
Overall, the results of the present study suggested that
anaerobic digestion of tofu-processing wastewater
operated in the continuous operation performed suffi-
ciently well in reducing the organic contents even if the
processing rate was increased by applying short HRT
and high organic loading rate. The results suggested
that the continuous operation could recover the acidic
culture into close to the neutral condition required for
optimising the process of anaerobic treatment.

Conclusions

Anaerobic digestion was an effective method used for
treating tofu-processing wastewater in which both
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