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ABSTRACT: The objective of this research was to study the anaerobic co-digestion (ACD) process by using two
combination types of modified tapioca starch sludge (SS) and shrimp pond sediment (SPS). The response surface
method (RSM) was utilized based on the central composite design (CCD) for analysis. Optimum ACD ratios between
SS:SPS ratios of 1:0 (pure SS) and 1:1 obtained from the biochemical methane potential (BMP) test were further
utilized in a pilot continuous stirred tank reactor (CSTR) test. The CSTR results showed that the highest biogas yield
could be achieved at 422 l/kg total volatile solids added (TVSadded) with a methane (CH4) content of 46.66% using a
SS:SPS ratio of 1:1. Compared with the digestion of SS alone, the biogas yield was lower at 293 l/kg TVSadded. The
completed digestion time of ACD of SS with SPS was 5 days, and a TVS removal of 51.31% was obtained. SPS could
help adjust the appropriate ratio of volatile fatty acid to alkalinity (VFA/ALK) along with increasing the system stability.
It can be concluded that the ACD system of SS and SPS is capable of converting waste into renewable energy as well
as reducing the environmental effects from ineffective disposal management.
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INTRODUCTION

Tapioca starch, with a production capacity of over
5 million tons per year, plays an important role
in the socioeconomics of Thailand. Thai tapioca
starch is well known due to its high quality as
well as economic price. In 2017, 3.04 million tons
of both native and modified starch were exported
with a total income of 1273 million dollars. The
modified starch is produced from native tapioca
starch which has been treated physically, chem-
ically, or enzymatically to improve its properties
such as gelatinization, swelling, solubility, viscosity,
etc. It is widely used in various types of industry,
including pharmaceuticals, paper, textiles, food and
beverages. According to the production process, a
large volume of starch sludge (SS) waste has been
generated, especially in Rayong, which is the second
highest tapioca starch producing province in Thai-

land, having a total of 8 tapioca factories. Generally,
34.31 kg of SS were generated for each ton of
modified tapioca starch produced. The SS is then
further flushed in wastewater, which results in water
pollution. Despite the fact that most SS is normally
utilized as an ingredient in animal food production,
there is an alternative method to help mitigate this
issue. Anaerobic digestion (AD) is an interesting
economical option for SS management because it
contains a high percentage of carbon, and a carbon
to nitrogen (C/N) ratio of 242 can be used as an ef-
fective carbon substrate. However, anaerobic single-
digestion for SS alone may affect performance and
stability during biogas production due to its low pH.
As a result, the concept of anaerobic co-digestion
(ACD) is introduced to tackle this factor. According
to the previous research, most of the studies that
focused on ACD did not use SS as the co-substrate
because of its properties mentioned earlier. The co-
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substrate examples utilized in the previous research
were tapioca pulp with pig manure [1], tapioca peel
with poultry piggery [2] and tapioca wastewater
with biodiesel processing waste [3].

To improve the stability and performance for the
ACD that utilizes SS as the substrate, shrimp pond
sediment (SPS) could be used as the co-substrate
for the system to function effectively. According
to the previous studies, shrimp farming is among
the main aquaculture activities in Rayong province,
for which the farming area covers approximately
1338 hectares. Approximately 6.69 million tons of
SPS are annually produced from the shrimp farming
cultivation process as bulky local waste. After har-
vesting, most small shrimp farms directly drain their
SPS to the canal, which causes water pollution and
various adverse effects on the aquatic ecosystem due
to its high salinity [4] and high nitrogen (N) con-
tent, which is approximately 3.20–5.98 gN/kg [5].
In general, the SPS waste is not treated properly
before disposal. According to the study by Srisert-
pol et al [6], the utilization of SPS as an anaerobic
single-substrate digestion could obtain high total
volatile solids (TVS) and chemical oxygen demand
(COD) removal efficiencies up to 95%. However, the
low biogas yield with only 25 l/kg COD due to the
absence of a carbon source with a C/N ratio of 7.04
was a large downside for utilizing the SPS alone. In
addition, one of the useful properties of the SPS is
its slightly alkalinity, which means the SPS can be
used as a potential co-substrate with SS for the ACD
system.

In addition, abundant researches have also
shown that ACD could improve the process stabil-
ity and performance [7–10], in which SPS could
be the key factor to increase the process stability
and performance in ACD. Thus, the objective of
this research was to enhance the biogas production
from SS by using SPS as the co-substrate in the
ACD system. The biochemical methane potential
(BMP) method was used to determine the biogas
production capacity of each mixing ratio with the
help of the response surface plot for data analysis.
The experiment design was based on the central
composite design (CCD). The obtained optimum
ratio was further used for a pilot experiment at the
single stage anaerobic digestion scale. The results
obtained from this research can be used to design a
practical system afterwards.

MATERIALS AND METHODS

Feed substrate

SS was collected from the modified tapioca starch
plant in Rayong Province, which is in the eastern
part of Thailand. The starch is mostly used in the
food and paper industries. The SS was sampled
from the drainage ditch receiving wastewater from
the reactor tank cleaning process after the sediment
was deposited for 24 h. SPS was obtained from
the bottom sediment of the earthen pond located
close to the tapioca starch plant. Pacific white
shrimp (Litopenaeus vannamei) cultivated on that
farm were fed only pallet food for 6 months. The
samples were kept in plastic bags and stored in a
refrigerator at 4 °C before the experiment. Both
substrates were analyzed for pH, total solids (TS),
TVS, total organic carbon (TOC), total nitrogen
(TN), C/N ratio, and chloride (Cl–).

Inoculum

Bio-sludge from the up-flow anaerobic sludge blan-
ket (UASB) of beverage manufacturing was used as
an inoculum for this experiment. The concentration
for the TVS of the inoculum was prepared at 2.5%
by wet weight basis before the experiment.

Experimental design

The experimental design of the ACD was divided
into 2 phases, which were BMP and continuous
stirred tank reactor (CSTR) experiments.

Biochemical methane potential experiment

The BMP experiment was used to evaluate the bio-
gas yield of the ACD system. The experiments were
conducted in 125 ml serum bottles with working
volumes of 80 ml. The ratio of the inoculum to
given substrate was mixed at 40:60 by volume, and
the pH was initially adjusted using a digital pH
meter (Mettler Toledo, Seven Easy, Metler Toledo
Group, Switzerland) in the range of 6.8–7.2. The
prepared sample bottles were flushed with nitro-
gen gas before being capped with airtight rubber
stoppers. Then, the samples were incubated on
a rotary shaker at a speed of 140 rpm at a room
temperature of 25–30 °C for 45 days. The generated
biogas was monitored every day using a syringe.
The needle was inserted through the airtight rubber
stoppers, and the syringe was filled with the biogas
automatically. The volume of biogas was measured
by reading the syringe scale. The methane (CH4)
content in biogas was analyzed by collecting biogas
in a tedlar gas sampling bag (Restek 22049, Restesk
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Table 1 The characteristics and CCD codes for each run.

Run CCD code TVS (% wet weight) pH

SS SPS Inoculum SS SPS Initial Final

1 −1.414 0

2.5

0a 1 6.96 7.45
2 0 0 1 1 7.05 6.93
3 1 1 2 2 6.98 5.28
4 1 −1 2 0 6.94 4.82
5 −1 1 0 2 7.10 7.46
6 0 0 1 1 7.07 6.97
7 0 1.414 1 2.414 6.97 6.99
8 0 0 1 1 7.10 6.95
9* −1 −1 0 0 6.94 7.65
10 0 0 1 1 6.94 7.03
11 1.414 0 2.414 1 6.96 5.35
12 0 −1.414 1 0a 7.04 6.57
13 0 0 1 1 6.94 7.09

* Run 9 = control; a using zero concentration instead of
negative concentrations.

Corp., USA) and then analyzed by gas chromatogra-
phy. The experiments were performed in triplicate.
The control set using only inoculum and distilled
water was also employed under similar conditions
as the samples. The volatile fatty acid (VFA), al-
kalinity (ALK), pH, and TVS were measured only
on the starting and final days. The SS and SPS
co-digestion experiments were varied at different
mixing ratios by Design Expert Software version 10
based on CCD with an alpha value of 1.414. The
TVS of each substrate was set in the range of 0–2%
by wet weight basis. The BMP method was adopted
and modified from Owen et al [11] for use in this
research. A total of 13 runs of the variables were
used in this experimental design. The characteristics
and CCD codes for each run are shown in Table 1.

Continuous stirred tank reactor experiment

A single-stage anaerobic digestion system, CSTR,
with a working volume of 5 l was used in this exper-
iment. The optimum ratios of SS to SPS obtained
from the previous experiment were utilized. The
ratio of inoculum to feeding substrate was 40:60 by
volume, and the percentage of the initial TVS of the
substrate was fixed at 1% TVS with batch feeding.
The reactor was mixed at a speed of 70 rpm. The
VFA, ALK, pH, and temperature were monitored
daily by a digital pH meter and thermometer. Af-
ter pH monitoring, phosphoric acid (H3PO4) and
sodium bicarbonate (NaHCO3) were used to control
the entire pH of the mixture between 6.8 and 7.2.
The biogas volume was measured by using a gas
counter based on a water-gas displacement system
connected to a sensor counting the number of gas
displacement turnovers. The CH4 content in biogas
was analyzed by collecting the biogas using the gas

sampling bag. The TVS were analyzed once every
three days.

Gas chromatography (GC) analysis of methane

The CH4 content in biogas from both the BMP and
CSTR was analyzed by GC (Model Shimadzu GC-
2014, Shimadzu Corp., Japan) equipped with a
thermal conductivity detector (TCD) and a molec-
ular sieve packed column (MS-5A, stainless steel,
2.1 mm inside diameter, 3 mm outside diameter,
and 2 m length, Restesk Corp., USA). The argon was
used as a carrier gas at a flow rate of 30 ml/min. The
temperatures of the injector, column and detector
were 150, 80, and 200 °C, respectively. All analytical
methods were performed by following the APHA
standard [12].

Calculation and statistical analysis

The following relationship (1) was used to prepare
the feedstock with specific TVS content:

TVS1W1 = TVS2W2, (1)

where TVS1 is TVS of the feed substrate (% wet
weight), W1 is weight of substrate (g), TVS2 is TVS
of feedstock (% wet weight), and W2 is weight of
feedstock (g). The biogas yield (l/kg TVSadded) was
calculated according to the following formula:

Biogas yield= B/TVSadded, (2)

where B is cumulative biogas volume (l) and
TVSadded is weight of total volatile solids of substrate
added to the reactor (kg). The CH4 yield (l/kg
TVSadded) was calculated according to the following
formula:

CH4 yield=
Biogas yield×CH4 content (%)

100
. (3)

The TVS removal (%) was calculated according to
the following formula:

TVS removal (%)=
TVSi−TVSf

TVSi
×100, (4)

where TVSi is the initial TVS of the mixture of
inoculum and substrate (% wet weight), and TVSf
is the final TVS of the digestate (% wet weight).

The descriptive statistics (mean and standard
deviation) are used to describe the biogas yield, pH,
VFA/ALK ratio, and TVS removal. In the case of the
BMP test, the response surface plot of biogas yield
and TVS removal was applied to evaluate the op-
timum co-digestion ratios. The obtained optimum
co-digestion ratios were further used in the CSTR
pilot experiment.
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RESULTS AND DISCUSSION

Characteristics of feed substrate

The physical and chemical characteristics of the SS
and SPS are shown in Table 2. SS from the reactor
cleaning process mainly comprised the remaining
modified starch in the acidic liquor with a pH as
low as 4.48. The results from the analysis showed
that the SS contained a high TOC content of 28.07%.
From the study of Promthong et al [13], it was found
that tapioca starch contains high amylopectin, ac-
counting for approximately 83%, which was easier
to digest than amylose. Normally, the tapioca starch
was the digestible starch [14] that can induce the
excess VFA generation, which results in the rapid
drop of pH [15].

The SPS used in the experiment had a low nitro-
gen content of 0.05% when compared with 0.12%
of SS and SPS from the southern part of Thailand.
Na nakorn et al [5] reported that SPS from Surat
Thani, Thailand, contained high nitrogen content
in the range of 0.32–0.59%. This might have been
due to the shrimp being cultivated with only pallet
food and the complete cleaning of the pond in every
cultivation cycle. The SPS, however, contained
a very low TOC content of approximately 0.22%,
which resulted in a low C/N ratio of 4.35. Conse-
quently, the SPS might potentially aid in balancing
the optimal C/N ratio for the AD system. The C/N
ratio of the SPS was close to the values reported
by Srisertpol et al [6], which were approximately
7.04 and 9.93. Additionally, the SPS consisted of
a high level of Cl–, which could be toxic to the
methanogens. A large amount of Cl– contains in
seawater, which was used to cultivate the marine
shrimp. Normally, it is being transferred from sea-
water into the SPS.

As a result, the utilization of SPS as feedstock
for the co-digestion with the help of SS could dilute
the SPS toxicity as well.

The BMP experiment

Biogas yield from single SS digestion

As shown in Fig. 1, the maximum biogas yield of
320 l/kg TVSadded was achieved at 1% TVS of SS.
An increase in the TVS concentration resulted in
a decrease in the biogas yield. The results proved
that although the SS as a single substrate had high
potential for biogas production, low stability, and
low performance were the downsides for utilizing
only the SS as a single substrate. Typically, SS is easy
to digest and more rapidly fermented to VFA. At 2%
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Fig. 1 The system stability and performance of single SS
digestion.

TVS of SS, the SS concentrations increased. Thus,
this has resulted in a faster VFA generating rate than
the conversion rate of VFA to methane. The VFA was
accumulated until it exceeded the optimal VFA/ALK
levels between 0.1 and 0.3 [16]. The accumulation
of the VFA caused the pH drop, which limits biogas
production and microbial growth [17]. Moreover,
the analysis of the CH4 content also showed low
percentages, which were 42.89% and 37.08% of
CH4 for 1% TVS of SS (organic concentration: 6 kg
TVS/m3) and 2% TVS (organic concentration: 12 kg
TVS/m3), respectively. According to the study of
Zealand et al [18], in which the AD of rice straw
was carried out in 500 ml flasks with a working
volume of 400 l at mesophilic temperature (37 °C)
by the BMP method, the organic concentrations
were increased from 1 to 2 kg TVS/m3. They
found that CH4 yield was significantly reduced as
the organic concentrations were increased from 3
to 6 kg TVS/m3. Thus, when utilizing SS as a single
substrate for AD, the effects of the organic concen-
tration on the biogas yield, CH4 content, system
stability, and TVS removal performance should also
be considered.

Biogas yield from single SPS digestion

The results from the BMP test of biogas production
using SPS as a single substrate emphasized only a
small amount of biogas yield of 3 l/kg TVSadded at
2% TVS. Moreover, the SPS had low TVS removals
of 62.50% and 49.22% at 1% TVS and 2% TVS,
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Table 2 The characteristics of the substrates, inoculum and feedstock.

Parameter SS SPS Inoculum
Mixture of SS:SPSa

1:0 1:1 0:1

pH 4.48±0.01 7.82±0.05 – – – –
TS (%) 61.00±0.45 35.64±2.24 6.95±0.14 2.20 5.83 4.66
TVS (%) 31.26±0.00 5.82±0.25 6.74±0.03 1.60 2.19 1.60
C/N ratio 242 4.35 8.51 35.21 23.57 6.82
TOC (%) 28.07 0.22 – – – –
TN (%) 0.12 0.05 – – – –
Cl– (%) 0.31 1.33 – 0.006 0.141 0.135

a Data via calculation.
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Fig. 2 The system stability and performance of single SPS
digestion.

respectively (Fig. 2). This may be caused by the low
content of TOC and C/N ratio (Table 2) compared
with the optimum C/N ratio [19]. Similarly, the
study of Srisertpol et al [6] also found that SPS
with a C/N ratio of 7.04 could produce biogas at
only 25 l/kg COD and contained only 44.34% CH4
content. The increase of initial feeding TVS of
SPS from 1 to 2% TVS resulted in an increase in
biogas yield but a decrease in TVS removal. It was
indicated that the conversion rate of TVS to biogas
in the 2% TVS of SPS (biogas yield of 6.10 l/kg
TVSremoved) was significantly higher than in the 1%
TVS of SPS (biogas yield of 0.42 l/kg TVSremoved).
The final pH above 7 with a high ALK from SPS could
provide a buffer capacity for stability improvement
in ACD with SS. Increasing the SPS content could

enhance the optimum VFA/ALK ratio for the AD
system.

The co-digestion of SS and SPS

It was observed that the SS played a major role
as the feed substrate for biogas production. The
increasing of SS concentrations resulted in an in-
creasing biogas yield, as shown by the response
surface plot in Fig. 3. The maximum biogas and CH4
content using SS as a single substrate at 1% TVS
were 320 l/kg TVSadded and 42.89%, respectively.
For the co-digestion of SS and SPS at the ratio of 1:1,
the biogas yield was reduced to 295 l/kg TVSadded.
However, the co-digestion of SS and SPS had a
higher CH4 content of 53.47% when compared to
using SS as a single feed substrate. The results
also showed that the co-digestion of SS with SPS
(1:1) could improve the stability and performance
of ACD with an appropriate pH and VFA/ALK ratio of
6.99 and 0.38, respectively (Fig. 4). The advantages
for the stability and performance optimization from
ACD can also be found in other studies, examples
being the ACD system of fruit and vegetable waste
with food waste [7], dewatered sludge with food
waste [8] and food waste with activated sludge [9].

The results of the BMP test of the mixing
between SS and SPS at a ratio of 1:1 showed
that the obtained CH4 yield was approximately
158 l/kg TVSadded, which was lower than that of
the other substrates such as the mixture of tapioca
pulp and pig manure at a ratio of 60:40 from
CSTR test, which had a CH4 yield of approximately
370 l/kg TVSadded [20]. Several studies of the co-
digested substrates from BMP experiment had an
average CH4 yield in the range of 168–467 l/kg
TVSadded [21]. This BMP experiment achieved the
yield close to the yield in BMP test of the co-
digestion of manure separated liquid:whey at ratio
of 3:1 (168 l/kg TVSadded). But CSTR experiment
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Fig. 3 The response surface plots of biogas yield and TVS removal.
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Fig. 4 The system stability and performance of co-
digestion.

has been obviously shown to significantly increase
the methane yield higher than this BMP experiment
because CSTR experiment was conducted with com-
plete mixing propeller. Therefore, CSTR should be
used for further study. The SS concentrations also
mainly influenced the TVS removal when comparing
the same biogas yield, as shown in Fig. 3. The
co-digestion of SS:SPS at ratios of 1:1 and 1:2.4
showed the appropriate operating performance with
neutral final pH values of 6.99 and 6.99 and low

VFA/ALK ratios of 0.38 and 0.22, respectively.
The mixed liquor characteristics are shown in

Table 2. It was observed that the C/N ratios for
the co-digestion ratios of 1:0 (pure SS) and 1:1
were 35.21 and 23.57, respectively, which were
close to the recommended C/N ratios, which ranged
from 20–30 [19]. The CSTR experiment was un-
dertaken with further analysis on the operational
performance of ACD for the mixture of SS and SPS
at the ratio of 1:1 compared with using SS and SPS
as the pure feedstock later.

The CSTR experiment

Because the BMP experiment was conducted in a
closed bottle without proper control of pH, the
biogas, and CH4 content were impacted [22]. The
co-digestion ratios of SS:SPS of 1:0, 0:1 and 1:1
with the percentage of initial TVS of the feedstock
of 1% were used for this experiment. The results
showed that the highest biogas yield was achieved
at 422 l/kg TVSadded at the SS:SPS ratio of 1:1
with a shorter retention time of 5 days as shown
in Fig. 5a. The significantly decreased pH was
observed because SS consists of a biodegradable
starch [15]. The pH decreases due to the accumu-
lation of volatile fatty acids from starch digestion
(Fig. 5b). The result was confirmed by Anunputtikul
and Rodtong [23], who reported on the AD of
tapioca tubers in 5 l single phase digesters. The
digesters were operated on a batch feeding with the
slurry of dry tapioca tubers using 0.5 to 4% weight
by volume and incubated at an ambient temperature
(29–31 °C) for 30 days. The pH of the digesters was
significant decreased to less than 7 within 3 days.
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Fig. 5 Operating performance of CSTR reactor: (a) biogas
yield, (b) pH, (c) VFA/ALK, (d) temperature, and (e) TVS
removal.

Table 3 Comparison between the BMP and CSTR experi-
ment on the ACD of SS:SPS (1:1).

Parameter BMP CSTR

Biogas yield (l/kg TVSadded) 295 422
CH4 content (%) 53.47 46.66
Digestion time (day) 45 5
TVS Removal (%) 69.31 51.31
Final pH 6.99 8.03
VFA/ALK ratio high = 0.38 low = 0.08

The results also showed that the co-digestion of
SS:SPS at a 1:1 ratio was the most appropriate con-
dition for system stabilization with a VFA/ALK ratio
of less than 0.4 (Fig. 5c) and a pH range between
7.10–7.75 for the entire system operation. The SPS
obtained from marine shrimp farming containing
various buffer systems (chemicals) such as bicarbon-
ate and borate buffer [24] could aid in stabilizing
the pH fluctuations. Moreover, the CH4 yield signif-
icantly improved to 197 l/kg TVSadded (CH4 content
of 46.66%) for the co-digestion SS:SPS ratio of 1:1
compared with using the pure SS, which obtained
119 l/kg TVSadded (CH4 content of 40.40%). The
co-digestion SS:SPS ratio of 1:1 also obtained the
maximum TVS removal of 51.31% (Fig. 5e). It
showed that the TVS removal efficiencies for both
co-digestion ratios of 1:0 and 1:1 are not different,
but there is a significant difference in biogas yield,
indicating that 1 kg of TVS removed at the co-
digestion ratio of 1:1 (822 l/kg TVSremoved) can be
converted into a significantly higher biogas yield
than that for the (pure SS) co-digestion ratio of
1:0 (577 l/kg TVSremoved). From the results, it can
be concluded that the co-digestion SS:SPS ratio of
1:1 may improve biogas yield and methane content,
including process stability and performance.

Comparison of co-digestion using the BMP and
CSTR experiment

According to the results, the co-digestion in CSTR
can improve the biogas yield up to 1.43 times with
a shorter digestion time compared with the BMP
experiment, which is shown in Table 3. It is known
that SS can be rapidly digested within 3 days. The-
oretically, the high digestion rate can lead to high
VFA generation, which leads to significant pH drops,
disrupting the methanogens later. Consequently,
the ability to adjust the improper pH automatically
in the CSTR can improve both biogas yield and
stability with the shorter retention time. According
to Sumadiono et al [22], being able to adjust the pH
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could enhance better bacterial growth and biogas
generation in 5 l of anaerobic digesters operated
with wastewater from the alcohol industry (vinasse)
in mesophilic conditions and with batch feed. The
CSTR yield represents more possibilities for the use
of the co-digestion of SS:SPS to produce biogas as
alternative energy. The co-digestion of SS and SPS
is economical way to control pH in AD system by
reducing chemicals for pH adjustment. Moreover,
there are environmental advantages in eliminating
improper SPS disposal. Finally, the BMP experiment
can be used as a guideline, and the pilot experiment
in the reactor with the properly controlled digestion
conditions is required to approve the setup condi-
tions for the appropriate AD system.

CONCLUSION

This research indicated that by using marine SPS
as a co-substrate with modified tapioca SS could
increase biogas yield including the stability improve-
ment and performance in the ACD system due to the
buffer capacity of SPS. The response surface plot
showed that the biogas yield mainly depended on
the SS concentration. The co-digestion at a SS:SPS
ratio of 1:1 in the CSTR obtained the highest biogas
and CH4 content with a short digestion time. In ad-
dition, the system also achieved the maximum TVS
removal. To summarize, the operation of the ACD
system utilizing the modified tapioca SS and SPS
as the co-substrate was among the effective ways
of converting the waste into a renewable energy
source. However, further research is required to
find the most appropriate concentration of the initial
TVS feedstock and digestion conditions.
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