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Abstract: As one of the biggest palm oil producers in the world, Indonesia has great potential to
utilize Palm Oil Mill Effluent (POME) for producing hydrogen as a promising energy resource. This
study investigated the impact of thermal pretreatment on the efficiency of biohydrogen production
from POME through hydrolysis-acidogenesis. POME was pretreated at various temperatures (50, 75,
100, 125, and 150°C) before being combined with the cow dung inoculum. The combination was
fermented in a bioreactor at 35°C for 48 h. Every four hours, hydrogen gas generation was monitored
using GC-TCD, and the chemical oxygen demand (COD) of the substrate was studied before and
after the reaction to determine the efficiency of heat pretreatment. The study found that preheating
the material to 100°C produced the best results, with a hydrogen content of 36.5% and a COD
removal efficiency of 22.74%. The highest hydrogen yield was 0.264 liters of hydrogen per liter of
POME, which is 8.79% of the theoretical maximum. When the temperature exceeded 100°C,
hydrogen production decreased due to the formation of stubborn substances. These findings highlight
that the right thermal pretreatment can greatly enhance biohydrogen production from POME,

offering a sustainable way to manage waste and generate alternative energy.
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1. Introduction

Rapid economic development and high resource
consumption have led to numerous environmental
problems and increased environmental burdens!. A key
component of Indonesia's economic development is palm
oil, a product of plantations?. Indonesia produced 48.2
million tons of palm oil in 2021, making it one of the
world's largest producers®. Consequently, this condition
resulted in the high production of waste, including Palm
Oil Mill Effluent (POME), which reached 490 million
cubic meter per year¥. POME cannot be released directly
into the environment because it has a high COD, BOD,
low pH, and can release methane gas”. Excess BOD and
COD heighten pollution levels, resulting in highly
contaminated water and affecting peripheral water

systems such as rivers, canals, and aquatic ecosystems®.
Various anthropogenic and natural sources, including
palm oil plantations, release methane gas into the
atmosphere, which has the potential to cause 28 times
greater global warming than CO,”. Hence, POME should
be used to produce biogas through fermentation.
Lignocellulosic biomass, including agricultural residues
like POME and other similar sources, holds great promise
as an alternative fuel and source of chemicals®. The
utilization of POME can also support the circular
economy movements by reducing waste and using it as
feedstock to produce another valuable product”. The
fermentation process of POME comprises four steps:
hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. These steps usually happen in one
reactor which makes the process less efficient because
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each step has a different optimum condition. The
multistage fermentation process was then introduced to
overcome this problem.

Based on the number of bacteria involved in the
anaerobic decomposition, the processes in the multistage
fermentation process are divided into two stages. The
stages are separated into hydrolysis-acidogenesis and
methanogenesis since these populations can be broadly
classified as acidogens and methanogens'?. In a two-stage
fermentation process, the conditions for individual groups
of microorganisms can be optimized and the process can
be smaller and more cost effective!). The use of a two-
stage fermentation process contributed to the stability of
the process and improved the methane-specific activity,
thereby increasing the final biomethane yield!?. This
process has also been shown to be advantageous for
generating profitable hydrogen-enriched biogas (10-30%
v/v)'?. The first stage of the fermentation process or the
hydrolysis-acidogenesis stage is expected to be able to
produce more hydrogen as an intermediate product which
results in higher biogas or methane gas production in the
second stage. In addition, the use of POME for hydrogen
production is intriguing, as it can be used as a feedstock in
a variety of processes or as a fuel for combustion in fuel
cells'?. Hydrogen exhibits potential as an energy source
in fuel applications because of its cleaner emissions,
higher specific energy, and nonpoisonous nature, making
it well suited for sustainable development. Although
hydrogen production primarily relies upon fossil
resources, the use of biotechnologies to produce hydrogen
is extremely interesting because it uses a renewably
sourced feedstock and requires a low energy input
compared to chemical processes'?. Furthermore, to assist
government initiatives aimed at lowering the usage of
fossil fuels, the Indonesian government has committed to
the energy diversification program and is currently
searching for renewable energy alternatives'. Therefore,
the production of hydrogen from POME through
hydrolysis-acidogenesis reaction could become an
interesting study to be explored.

The hydrolysis-acidogenesis process takes place in the
first two stages of the fermentation process, as shown in
Fig. 1. In the process of hydrolysis, exo-enzymes break
down large organic polymers, including proteins,
polysaccharides, and lipids, into smaller, soluble organic
compounds such as amino acids, glucose, and fatty acids.
Table 1 Eq.l1 provides further details. The hydrolytic
microbes are able to actively withstand changes in the
surrounding environment as well as potential poisonous
substances that may be found in the feedstock. These
microorganisms can function within a broad pH range of
4 to 11'9. The products from the hydrolysis process were
converted by the acidogenic bacteria into volatile fatty
acids (VFA) including acetic acid, propionic acid, butyric
acid, and ethanol'”. They are characterized by a quick and
strong growth rate'®. The pathways for acetic acid (Eq. 2),
propionic acid (Eq. 3), and butyric acid (Eq. 4) can be used

to describe acidogenesis. The formation of VFA was
significantly inhibited when the pH was lower than 4.0.
The optimal range for pH, as reported often, is between
5.5-6.5'. The majority of the products generated from the
acidogenesis reaction are converted to acetic acid,
hydrogen, and carbon dioxide, as shown in Eq. 2-4.
Because this pathway produces more acetic acid, which is
required for the growth of acidogenic bacteria, it is
preferred by these bacteria®?.

The temperature and feedstock content significantly
affect hydrolysis efficiency in the digester?”). The
optimum condition of this stage is in temperature 35°C,
pH 5-6, and incubation time of 1-3 days'?. To enhance the
effectiveness of the hydrolysis process, some pretreatment
methods can be used, such as physical, alkali, enzymatic??,
ozonation??, and thermal pre-treatment*¥. Heat treatment
has become the preferred way to solubilize biomass for
fermentative H, production because of its efficient
biomass decomposition, simple handling, and ease of
monitoring with treatment temperatures ranging from to
50-220 °C and durations from 90 s to 90 minutes®).
Thermal treatments have a dual effect: they encourage the
growth of bacteria that produce hydrogen and eliminate
methanogens and other microorganisms that consume
hydrogen®®. Furthermore, heat treatment can enhance the
conversion of carbohydrate polymers into fermentable
sugars by facilitating the cellulose content in POME, thus
promoting the efficiency of the overall conversion
process®”. However, obtaining the optimal pretreatment
temperature is crucial because it is correlated with energy
consumption. Inadequate decomposition may occur at low
temperatures, whereas excessive decomposition of
organic matter in the biomass may occur at high
temperatures®®.

The thermal pretreatment for cellulose-based biomass
can be in the temperature range of 50-220°C and duration
of 90s to 90 min?”. The adopted temperature varied
significantly according to the biomass characteristics.
Heating pretreatment by boiling the substrate of forestry
waste at 100°C for approximately 15 min can increase
hydrogen productivity by up to 1.8 times’”. Heat
treatment of POME at 95°C for 45 min results in improved
hydrogen production®”. However, to the best of our
knowledge, studies on the effect of thermal pretreatment,
especially for Indonesian POME, on the production of
hydrogen through hydrolysis-acidogenesis reactions are
still scarce. Therefore, in this study, POME was heated to
50, 75, 100, 125, and 150°C for a shorter pretreatment
duration of 30 min. The pretreated POME was then mixed
with an inoculum consisting of cow dung and POME as a
source of bacteria to become the feed in a batch system
bioreactor. The inoculum mixture was heated to 90°C for
30 min to increase efficiency. The bioreactor was
equipped with a controlled pH of 5.5 and a temperature of
35°C to undergo hydrolysis-acidogenesis. The gas
produced from the bioreactor was analyzed every 4 h until
48 h of reaction.
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This study aims to determine the effect of thermal
pretreatment of POME on the pH profile, COD removal,
and hydrogen produced from the feed. In particular, this
study also aimed to obtain a suitable pretreatment
temperature and operating conditions that produce the
highest hydrogen and COD removal from POME. These
findings may serve as a guide for enhancing the efficiency
of two-stage fermentation processes.

2. Materials and method

2.1 POME

The feedstock used to produce hydrogen in this study
was POME. POME was obtained from the Cikasungka
Palm Oil Mill Factory (PTPN VIII, Bogor, West Java).
The temperature of the discharged POME ranges from 70
to 75°C with a pH around 4.5-5.1. POME was transported
to the laboratory in South Tangerang and refrigerated at a
controlled temperature of 4°C until further use.

2.2 Cow dung

The cow dung used for this study was obtained from a
farm in Padurenan, Gunung Sindur, Bogor, West Java.
Cow dung was chosen as the inoculum or bacterial source
because it is composed of enriched cultures and has the
ability to degrade cellulose and produce hydrogen?.
Rumen bacteria are good candidates for hydrogen
production because they can directly hydrolyze cellulose
in biomass substrate®?. The use of a mixed culture as an
inoculum offers greater advantages for the production of
biohydrogen and is suitable for practical application3¥.
The pH, total solids, and volatile suspended solids of cow
dung were 5.3 to 6.4, 7.5, 29.3 g/L, and 28.1 g/L,
respectively’.

Mono-
Carbohydrates — -
¥ [, saccharides
al= ele
Proteins AN Amino acids ——{RARNM
%0%0% %6’%%
Hydrolytic Acidogenic
Bacteria Bacteria
Fats/Lipids — — Fatty acids —

Hydrolysis
Stage

Acidogenesis
Stage

2.3 Thermal pre-treatment

Thermal pretreatment of POME with temperature
variations of 50°C, 75°C, 100°C, 125°C, and 150°C was
used in this study. Thermal pretreatment of POME can
help increase the production of hydrogen by deactivating
methanogenic bacteria that consume hydrogen®®. Fresh
POME was heated to the appropriate temperature in a
preheating tank. This preheating tank was equipped with
an agitator and thermocouple to indicate the temperature
in the preheating tank. Fresh POME was heated to the
target temperature for 30 min. Fresh POME was then
placed in a hydrolysis-acidogenesis reactor after cooling
to 35°C.

2.4 Inoculum preparation

The term "inoculum" refers to the population of bacteria
or cells that are injected into the fermentation medium or
any other appropriate media®®. In this study, a mixture of
cow dung and POME was used as inoculum. Seventy
grams of cow dung were mixed with 130 g of POME, and
this mixture was strained using a strainer to remove large
impurities. This mixture was then heated to remove
methanogenic bacteria. Inoculum pretreatment accelerates
hydrolysis, lessening the rate-limiting step impact, and
boosting the stability of the process, which ultimately
enhances anaerobic digestion to efficiently produce H,*".
Heating pretreatment by boiling the substrate at 100°C for
approximately 15 min can increase hydrogen productivity
by up to 1.8 times*?). The inoculum mixture was heated to
90°C for 30 min to increase efficiency. The inoculum was
cooled to 35°C before use in the hydrolysis-acidogenesis
reactor. The pH of the inoculum was 5.5-5.8.
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Hydrogen
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Fig. 1: Fermentation Stages'”
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Table 1. Hydrolysis — Acidogenecis Reaction’®

Process Reaction

Hydrolysis (C¢H1005), + nH,0 — nCgH;,04 )
Acidogenesis (Acetic Acid Pathway) CeH120¢ — 2CH3COOH + 2CO, + 4H, 2)
Acidogenesis (Propionic Acid Pathway) Cg¢H;,0¢ —» CH3COOH + CH3CH,COOH + CO, + H, 3)
Acidogenesis (Butyric Acid Pathway) CgH;2,0¢6 + 6H,0 — 2CH3CH,CH,COOH + 2CO, + 2H, “4)

2.5 Hydrolysis-acidogenesis process

Anaerobic digestion was conducted in a 2500 ml
bioreactor via dark fermentation, which was equipped
with a temperature and pH control system. The operating
volume of the bioreactor was 2000 ml, as shown in Fig. 2.
The inoculum size was varied between 10 and 20% (v/v)
during the H, production stage?®. Many factors affect the
fermentation reaction, such as inoculum, substrate
concentration, temperature, reactor type, nutrients, and
pH3. For the hydrolysis-acidogenesis process, it is
preferable to incubate high solid wastes under mesophilic
conditions for a period—1-3 days?®. In this study, 1800 L
POME and 200 L inoculum, which had already reached
35°C, were placed in a bioreactor. The pH of the mixture
was 4.9-5.1. The bioreactor was then purged with argon
gas to create anaerobic conditions. Argon gas was used
instead of nitrogen gas because there is no possibility that
argon gas influences the nitrogen metabolism of microbes,
whereas nitrogen gas can influence nitrogen metabolism
in the fermentation process*”. The process was conducted
for 48 h and maintained at a temperature of 35°C*D and
pH of 5.5*? by adding a 0.5 N KOH solution. A controlled
pH of less than 6 was the key to ensuring that the
methanogenesis reaction did not occur because pH 6.0—
8.0 was more favorable for the methanogenic stage*®.

2.6 Feed and product characterization

The COD of POME before and after pretreatment,
inoculum, and the mixture of POME and inoculum before
and after the hydrolysis-acidogenesis process was
measured using the SNI 6989.2:2009 method. In addition,
the pH and temperature were measured. Moreover, C/N
ratio analysis was performed using a Leco CHN 628
instrument to determine the effect of thermal pretreatment
on the change in C/N ratio before and after hydrolysis-
acidogenesis. To ensure the occurrence of the
hydrogenesis-acidogenesis reaction, VFA analysis was
also conducted using a GC FID equipped with a Scion-
Wax column 30m x 0.25 mmID x 0.25um df.

The gases produced during the process were trapped in
a gas bag connected to a gas sampling port. Samples were
collected every 4 h for 48 h to obtain comprehensive data.
The gas sample was then characterized using a Bruker
Scion 456 Gas Chromatograph with a thermal
conductivity detector (GC-TCD) packing in a carbon
column. The GC oven temperature was programmed as
follows: 7 min at 50°C, 20 ml/min, and 12 min at 100°C.
The injector and detector temperatures were maintained at

100°C and 220°C, respectively. Argon was used as the
carrier gas. The gases identified by GC-TCD were H», CO,
CO,, and CHs4 However, in this study, the discussion
focused on the concentration of H, gas. The volume of the
produced gas collected in a sample gas bag was measured
using a gas syringe to obtain the yield of hydrogen
produced in this study.

[

Fig. 2: Set up of the experiment (1) Feed tank, (2) Feed pump,
(3) pH probe, (4) stirrer, (5) Controller, (6) Thermocouple, (7)
Gas sampling port

3. Result and discussion

3.1 The characteristics of POME

In this study, POME was used as a substrate to produce
hydrogen gas through hydrolysis-acidogenesis. POME is
composed of water, oil, and suspended solids, which are
acidic and rich in organic content. POME contaminates
watercourses and produces greenhouse gases when
ponding systems are used. Owing to its high organic
matter level, it is classified as extremely pollutive*?.

Multiple stages are involved in the production of palm
oil; however, POME is predominantly generated in three
specific phases. These include sterilization of the palm
fruit bunches, separation of the kernel from the shells
using a hydrocyclone, and clarification of 0il*¥. Therefore,
POME is a multifaceted substance with abundant organic
matter, oil, fats, and suspended solids. The characteristics
of POME can be different for each palm oil mill and crop
season. However, these characteristics have a great
influence on the production of biogas or, in this case,
hydrogen gas. It is necessary to measure some important
parameters of POME before it can be used in the
fermentation process. The measurement results are listed
in Table 2.
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Table 2. Characteristics of POME used in this study

Parameter Value Units
COD 48,450 mg/L
pH 4.5 -
Physical Dark brown liquid with -
Appearance sediment and a little oily

layer on the top

COD is a key metric that indicates the amount of
organic material that microorganisms can break down and
transform into the desired product. The COD of POME
based on the Indonesian Palm Oil Waste Management
Guideline by the Indonesian Ministry of Agriculture is in
the range of 15,103-65,100 mg/L. As shown in Table 1,
the COD of the POME employed in this investigation was
48,450 mg/L, which is rather high. However, the organic
matter content of biomass waste, or in this case POME,
can vary depending on factors such as time, climate, and
region. These variations can have a significant impact on
the COD of the POME*). Therefore, it is important to
measure the COD of the POME before it is used in the
bioreactor.

COD also refers to the amount of component that is
ready to be converted to microbes; hence, from the COD
result, the production of hydrogen gas with the batch
system used in this study can be calculated theoretically
using Eq. 5 and 6. The COD POME (CODp) used in the
calculation was 48450 mg/L. Some assumptions used in
this study, such as the ratio of H/COD 0.0892 Nm?*/kg-
COD*? and COD removal efficiency (COD¢) for
biohydrogen synthesis of 90% of the total COD. By using
these assumptions, with 2 liters of volume POME (Vp),
the COD loading or stated as COD; from POME is 0.0965
kg-COD, while H; production that could be obtained from
this study is 0.00775 Nm? H; or equal to 7.75 liter H, or
3.87 liter Ho/liter POME.

1kg
1000000 mg

COD, = COD, X Vp X (5)

Haproq = COD, X COD X Hp/COD (©)

3.2 pH Profile during Hydrolysis-Acidogenesis
Reaction

The performance of the hydrolysis-acidogenesis
reaction depends on the pH. The pH should be maintained
below 6 to avoid the methanogenesis reaction because pH
6.0-8.0 is more favorable for methanogenesis reaction*>-
The hydrolysis-acidogenesis stage operates optimally
within a pH range of 5-6°. According to Moestedt et al.*®,
pH levels below 4.5 lead to a requirement of up to 15 days
of hydraulic retention time in the hydrolysis acidogenesis
reactor. The pH was increased from 4 to 5.5 by Yu et al.*).
This resulted in a notable increase in substrate solubility
and acidification. Lowering the pH to 4 could halt
biohydrogen production because, under such acidic
conditions, ATP levels would not support the biohydrogen

production process but would aid in maintaining bacterial
cell neutrality®?.

The pH inside the bioreactor was monitored every 4 h
and maintained at 5.5 using a pH controller system that
added KOH solution to increase the pH when it slightly
decreased. Figure 3 shows the pH profile of the reaction.
Figure 3 shows that the pH is generally stable between 5.3
to 5.8 which means that the pH control system has
operated well. A slight decrease in pH from 5.5 to 5.3 was
seen after 16-20 h of incubation for the substrate with
pretreatment temperatures of 75°C and 150°C, whereas at
50°C, a decrease was observed after 36 h of incubation.
For the other temperature variables, there was also a
decrease from 5.5 to 5.4, mostly in the range of 16-20
hours. This slight decrease signifies the start of the
acidogenesis reaction. Complex substances, such as
carbohydrates, proteins, and lipids, are converted into
monosaccharides, amino acids, and fatty acids through
hydrolysis. Acidogenesis is then used to convert these
substances into hydrogen, carbon dioxide, volatile fatty
acids, and alcohols. Acidogenic bacteria are rapidly
growing microorganisms that produce acids and
accumulate volatile fatty acids, resulting in a decrease in
pH3Y. The presence of volatile fatty acids resulted in a
slight decrease in the pH. In addition, CO; is produced in
the reaction, which may decrease the pH of the substrate.
The reduced pH when exposed to elevated CO; is likely
to lead to cell malfunction, including microbes®. A
decrease in pH can inhibit microbial proliferation and its
activity>. To address this problem, a pH control system
should be installed in the bioreactor?®. In addition, the
range—16-20 hours could also be the starting point of
hydrogen production, as it is already going through the
acidogenesis stage.

5.2 T T T T
0 20 2 %

T T
10 4 48

32 36
Incubation Time (h)

Fig. 3: pH Profile during Hydrolysis-Acidogenesis Reaction

3.3 The effect of thermal pretreatment on COD of
POME

The effect of thermal pretreatment on POME can be
observed using the change in COD POME. The heating
process was conducted not only to suppress the activity of
methanogenic bacteria, but also to help in the digestion
process, which can be seen from the changes in COD. To
determine the effect of heating, the COD of the POME
was measured before and after heating. During the heating
process, 5 ml of POME was removed from the bottom of
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the bioreactor outlet when the POME temperature reached
50, 75, 100, 125, and 150°C. The COD of the heated
POME was also measured, and the results are listed in
Table 3. The COD of fresh POME was 48,450 ppm,
whereas after heating to 50 and 75°C, the COD of POME
decreased to 30,455 ppm and 30,460 ppm, respectively.
Thermal pretreatment of POME decreased the COD of
POME by approximately 35-37% compared to that of
fresh POME. Heating can help in the hydrolysis process
by simplifying the degradation of complex substances
because of the breakage of chemical bonds, including
VFA'’s, polysaccharides, and proteins, making them more
soluble in the substrate™. The improvement in
solubilization of the substrate leads to an increase in the
efficiency of the anaerobic digestion process, resulting in
a decrease in COD™). Increasing solubilization could
enhance the capability of microorganisms to effectively
treat the substrate to reduce COD 39,

However, COD increased slightly to 31,460 ppm after
the POME was heated to 100°C, and this increase
continued until 150°C, as shown in Table 3. This might
indicate the formation of complex organic compounds at
high temperatures that are difficult to degrade®”. Complex
organic compounds, such as melanoidins, are formed
when the Mallaird reaction between amino acids and
carbohydrates occurs, which exhibits a strong resistance
to degradation’®.

Although in the production of biogas or, in this case,
biohydrogen, the higher COD should produce more
hydrogen, and the decrease in COD POME due to the
thermal pretreatment process can be covered by an
increase in hydrogen-producing microbial activity, which
resulted in the higher production of biohydrogen, which
will be discussed later.

Table 3. The COD of POME before and after thermal

pretreatment
Pre-treatment COD
Analysis Meth
Temperature (°C) (ppm) nalysis Method
Fresh Pome 48450
(no pre-treatment)
50 30455
75 30460 SNI 6989.2:2009
100 31460
125 33455
150 36445

3.4 The effect of pretreated POME on the
characteristic of feed after hydrolysis-acidogenesis
reaction

34.1 COD Removal

After POME was used as a substrate in the hydrolysis-
acidogenesis reaction, the COD of POME was measured
to identify the effect of thermal pretreatment on changes

in COD. COD represents the total amount of chemical
energy found in the feedstock as microbes convert this
energy into hydrogen or methane. Additionally, COD
indicates the highest amount of energy that can be
extracted as biogas®”. Cell membranes burst as a result of
thermal pretreatment, releasing intracellular material into
the medium. The breakdown and production of biogas are
aided by bacteria in the inoculum, allowing easier access
to this intracellular substance. In this instance, the gas
contains hydrogen®®. The COD of POME should decrease
after the reaction, which means that the organic
composition was successfully decomposed by the bacteria.

After thermal pretreatment, POME was mixed with an
inoculum consisting of cow dung and POME, which then
became the feed in the hydrolysis-acidogenesis reactor.
The mixing of POME and inoculum resulted in an
increase in the COD of the feed at t=0 h. After the
hydrolysis-acidogenesis process took place in 48 h, the
COD of the feed or POME mixture was measured again
so that the COD removal could be calculated, as shown in
Table 4. For comparison, the COD of the feed that used
POME without pretreatment was also measured, and the
COD removal reached only 5%. The COD removal of the
POME mixture increased as the pretreatment temperature
increased to 100°C, after which COD removal decreased
as the temperature increased. The highest COD removal
of 22.74% was obtained from the feed that used POME
preheated to 100°C. This result is close to the theory in
which, in the first step of the fermentation process, the
COD process would be converted by 25% of the total
COD remaining®?.

The thermal pretreatment until 100°C can help the
degradation of complex substances so it will help the
hydrogen bacteria to degrade it®?. However, excessively
high temperatures can lead to the formation of substances
that are difficult to degrade. Moreover, the heating process
can also be lethal to heat-sensitive microbes, which causes
a decrease in the number of bacteria®®. Inhibitory or toxic
effects may also be caused by bacteria, yeast, and
methanogens due to the production of phenolic
compounds from the solubilization of hemicellulose and
lignin at temperatures above 150°C*), POME pretreated
at temperatures higher than 100°C showed a decrease in
the substrate degradation process. This can be seen as a
decrease in COD removal from the feed (which is actually
POME and inoculum), as shown in Table 4. Therefore, it
is important to determine the optimal pretreatment
temperature. Based on the COD removal results, the
highest COD removal was obtained at 100°C.
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Table 4. The COD of feed (POME+Inoculum) before and after
the hydrolysis-acidogenesis process

conditions, substrate type, and the microbes employed in
the process’™®.

34.2 C/N Ratio

The efficiency of the digestion process, or in this case
the hydrolysis-acidogenesis reaction, can also be seen
from the C/N ratio. The reaction may be limited by
improper substrate carbon-to-nitrogen (C/N) ratios of the
substrate®. Both carbon and nitrogen play pivotal roles in
the metabolism of microbes, particularly those involved in
digestion. Carbon serves as the primary nutrient source,
essential for microbial growth and energy production. On
the other hand, nitrogen is critical for enzyme synthesis,
which is essential for the breakdown of complex
compounds during digestion®®. Maintaining a balanced
carbon-to-nitrogen (C/N) ratio is crucial. A low C/N ratio
can lead to elevated ammonia production, which inhibits
methane production. Conversely, a high C/N ratio
negatively impacts protein formation and diminishes the
energy and structural metabolism of microorganisms®?.
The optimal C/N ratio for fermentation is 20-30°®). The
C/N ratio in this study was measured from the feed sample
that used untreated POME and pretreated POME at a
temperature 125°C before (t=0 h) and after the hydrolysis-
acidogenesis reaction (t=48 h), as shown in Table 5. Both
samples showed a high C/N ratio, which is beneficial for
the fermentation process. The results also showed a
decrease in the C/N ratio before and after the hydrolysis-
acidogenesis reaction. The decrease in the C/N ratio was
higher in the feed that used pretreated POME at 125°C
than in that without pretreatment. The decrease in the C/N
ratio indicates that degradation of the substrate occurred.
Nevertheless, the biodegradable components of substrates
can become trapped within cell walls containing cellulose.
This makes them less accessible for microbial degradation
until the lignin, which acts as a barrier, is broken down®.
Therefore, thermal pretreatment can help in the
degradation of lignin, resulting in a greater decrease in the
C/N ratio. Therefore, nitrogen plays a critical role in
improving biohydrogen production through its impact on
the fermentation process. Nitrogen is vital for various
cellular functions, including replication, maintenance,
metabolism, and the synthesis of enzymes that break down
carbohydrates. A low nitrogen concentration leads to a
higher carbon-to-nitrogen (C/N) ratio, which, in turn,
reduces biohydrogen production. The C/N ratio is
influenced by several factors, including reaction

T ¢ COD at COD COD
empoecra ure =0h a at t=48h Removal Table 5. The C/N ratio of feed (POME+Inoculum) before and
€O =0h (ppm) (ppm) (%) after the hydrolysis-acidogenesis process
Without Pre- 49560 47082 5.00 Thermal C/N Ratio
treatment p
50 59040 52000 11.92 re-treatment t=0h t=48h % Decrease
75 54340 46600 14.24
100 57700 44580 22.74 Without 2691 23.89 11.23
125 58370 55010 5.76
150 57030 54670 4.14 With,
T=125°C 29.19 23.34 20.04

343 Volatile Fatty Acid (VFA)

To evaluate the performance of the hydrolysis-
acidogenesis reaction, VFA analysis was performed.
VFAs are metabolic byproducts created during the
acidification stage of the AD process. The most common
VFAs are short-chain fatty acids, which have between two
and six carbon atoms. These include acetic, propionic,
butyric, valeric, and caproic acids’. The hydrolysis-
acidogenesis reaction converts large organic polymers
into VFA including acetic acid, propionic acid, butyric
acid, and ethanol'”. In this study, VFA analysis of the feed
that used pretreated POME at 75°C was conducted before
(t=0) and after (t=48) the hydrolysis-acidogenesis reaction,
and the results are shown in Table 6. The VFA that were
successfully identified in this study were propionic acid,
butyric acid, and valeric acid. The concentration of all
VFA increased after a 48 hours reaction which indicating
that the hydrolysis-acidogenesis reaction had already
occurred. As shown in Table 1, the acidogenesis reaction
can produce acetic, propionic, and butyric acids. However,
acetic acid was not successfully detected in this study.
This result might occur when most acidogenesis reactions
take place via the butyric or propionic acid pathways>?.
Moreover, because acetic acid is more volatile than
propionic and butyric acids, acetic acid might have
already volatilized when the analysis was conducted. VFA
was already present in the feed at t=0 h, although in small
amounts owing to the thermal pretreatment that helps in
the initial degradation of the substrate. After 48 h, VFA
significantly increased as a result of acidogenesis.

Table 6. VFA of feed (POME +Inoculum) before and after the
hydrolisis-acidogenesis process

Volatile Fatty Acid Thermal Pre-treatment (T=75° C)
(VFA)
t=0 h t=48 h
C3 (propionic acid) 2.877 6.959
C4 (butyric acid) 0.786 7.062
C5 (valeric acid) 0.063 1.171
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In this study, we analyzed the volatile fatty acids in the
feed where Fresh POME was heated at T=75°C as a
representative. Table 6 shows that the butyric acid content
was higher than that of propionic acid or valeric acid. Lee
et al”™ used dairy wastewater to produce VFAs. They
found that a pH of around 4.0 led to higher production of
propionic acid, while a pH of 6.0 favored the production
of acetic and butyric acids. A longer HRT increases the
efficiency of VFA production because microorganisms
have a longer reaction time”. Neutral pH (pH 7) and
alkaline pH (pH 9) promote the production of acetic acid
during protein fermentation’.

3.5 The effect of thermal pretreatment on the
production of hydrogen

Hydrolysis, acidogenesis, acetogenesis, and
methanogenesis are the steps in the fermentation process.
Biohydrogen formation occurs in the acidogenesis step
and can achieve 32% volume of the first fermentation
product®”. To ascertain how the hydrolysis-acidogenesis
process produces hydrogen in response to thermal
pretreatment, the hydrogen gas produced from the
bioreactor was analyzed every 4 h, and the results were
compared for each pretreatment temperature, as shown in
Fig. 4.

As shown in Fig. 4, the hydrogen concentration
remained undetectable until the reaction reached 24 h. In
the process of anaerobic digestion of food waste that
produces biohydrogen under mesophilic conditions,
hydrogen gas started to appear after 24 h and reached its
maximum cumulative production at 72 h of incubation
time”™. The hydrogen composition of the gas produced
from the POME substrate without thermal pretreatment
was also analyzed, and the results showed that no
hydrogen gas was detected after 48 h of reaction. During
the reaction period of 40 h, the hydrogen concentration in
POME with thermal pretreatment at 50°C fluctuated and
reached a maximum of 26.65%. With thermal
pretreatment at 75°C, the hydrogen concentration

increased as the reaction time increased until 40 h of
reaction reached 25.19%, after which the concentration
decreased. At a temperature of 100°C, the trend is similar
to that at 75°C, but the highest hydrogen concentration is
reached faster and higher than the others which is 36.50
only after 32 h of reaction. At 125°C, hydrogen gas was
only be seen 20-28 hours after the reaction, with the
highest concentration being 20.37%. At 150°C, hydrogen
appeared only after 48 h of reaction, reaching 1%.

The incubation time is also an important parameter
because a suitable incubation time can promote the
activity of hydrogen-producing microbes while avoiding
the production of methane gas via a methanogenesis
reaction. The hydrolysis-acidogenesis process under
mesophilic conditions is preferably conducted with
incubation times ranging from 1 to 3 days'>. According to
O-Thong?®,  the hydrolysis-acidogenesis  reaction
typically happens in 1-4 days, depending on the
biodegradability of the substrate. Hy-producing bacteria
are widely recognized for its rapid growth’®. Tang and
colleagues® employed this method to produce hydrogen
in a brief 3-day incubation time with an acidic pH of 5.0—
5.5 using domestic solid waste. From Figure 4, it is
evident that the production of hydrogen increases as the
incubation time increases because microbes require time
to digest the substrate. This increase occurred until
hydrogen production reached its maximum and then
decreased. The reduction in H, production may occur
because some microorganisms within the mixed
consortium employ the substrate not only for hydrogen
production but also for the generation of organic acids,
VFA, and other byproducts. The accumulation of these
byproducts hinders the growth and activity of
microorganisms that produce hydrogen, ultimately
reducing H, production’”. However, as seen in Fig. 4, the
hydrogen concentration was still present at about 10-15%
after 48 h or 2 days of incubation time; therefore, in future
studies, the incubation time for this research should be
extended to 3-5 days until no more hydrogen is produced
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Fig. 4: Hydrogen concentration in the gas produced from POME with and without thermal pretreatment

Thermal pretreatment can break down molecular bonds,
enhance solubilization, and improve subsequent
hydrolysis™. Heat treatment not only deactivates
microorganisms that consume hydrogen but also breaks
down complex sugars into simpler forms, thereby
boosting the growth and activity of microorganisms that
produce hydrogen. As the substrate became simpler and
easier to degrade, hydrogen production became more
abundant and faster. This explains the result, as shown in
Fig. 4, that the peak of hydrogen production during
pretreatment at temperatures of 50 and 75°C was obtained
after 40 h of reaction, whereas fat at 100°C was obtained
faster only after 32 h of reaction. In addition, the hydrogen
concentration was significantly higher at 100°C than at
other temperatures.

This result is also concordant with the total volume and
yield of hydrogen production in 48 hours reaction as
shown in Table 7. The feed that used untreated POME did
not produce any hydrogen gas, which means that the
hydrolysis-acidogenesis reaction may not have been
performed yet. Thermal pretreatment can help in the
hydrolysis of the substrate, which makes the reaction
easier and faster. Therefore, an increase in hydrogen
production can be obtained in feeds that use heat-treated
POME. The volume of hydrogen increased as the
pretreatment temperature was increased to 100°C.
However, when the pretreatment temperature exceeded
100°C, no hydrogen was produced. Excessive heating
might diminish the number of microbes present in the
substrate, resulting in no production of hydrogen®®. The
complex organic substrate formed as a result of this
excessive heating also prevented the hydrolysis-
acidogenesis reaction. The hydrogen yield in this study
was also compared to the theoretical yield, as calculated
in Chapter 3.1 which was 3.87 liter Hy/liter POME. The
highest yield was obtained from the feed that used

pretreated POME heated at 100°C which is 0.264 liter
H2/liter POME. Compared to the theoretical yield, the
results from this study reached an 8.79% yield.

Table 7. The yield of hydrogen after the hydrolysis-
acidogenesis process

% Yield H

Temperature | Vol. H2 Yield Ha cfmpl:r(: d tj)

° L L/L fi

O ©) (L/L feed) theoretical yield
Without Pre- 0 0 0

treatment

50 0.033 0.016 0.55

75 0.053 0.027 0.88

100 0.528 0.264 8.79

125 0 0 0

150 0 0 0

Two important parameters that affect process efficiency
are temperature and pretreatment period. However, the
results may be influenced by the composition of the
substrate and type of inoculum used”. In this case, the
hydrogen production decreased when the heating
pretreatment exceeded 100°C. Rafique and colleagues®
employed temperatures ranging from 25 to 150°C to pre-
treat a pig manure substrate. Thermal pretreatment at
110°C produced maximum solubilization, whereas
heating at 130°C and 150°C produced the lowest amount.
Thermal pretreatment at temperatures exceeding 90°C can
affect digestion stability, resulting in increased organic
acid concentrations and decreased pH, which in turn
affects microorganism metabolism during anaerobic
digestion (57).5°. In addition, unwanted byproducts that
act as inhibitory substances to hydrolyze and ferment
microorganisms may also be formed during heating at
elevated temperatures®®. The maximum amount of
hydrogen was produced when the pretreatment
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temperature was set to 100°C. This is concordant with the
COD removal results, which showed higher COD removal
at this temperature. In general, thermal pretreatment
increases the amount of hydrogen produced by
suppressing the activity of methanogenic bacteria and
stimulating the decomposition of complex compounds.

4. Conclusion

The effect of thermal pretreatment on the production of
hydrogen from POME was investigated by comparing the
COD of the substrate before and after the reaction with the
hydrogen produced at each pretreatment temperature. In
this study, POME and an inoculum made of cow dung and
POME were combined to create a substrate. The COD of
POME was measured before and after heating, with the
most significant reduction of approximately 35-37%,
accomplished at 50 and 75°C. Anaerobic digestion is more
effective when complex chemicals are broken down into
simpler ones through heat pretreatment. This increases the
solubility of substances in the substrate. After the
hydrolysis-acidogenesis reaction took place in the
bioreactor for 48 h, the removal of COD from POME
increased, with the highest removal rate reaching 22.74%
at 100°C. The removal of COD from the substrate
indicates the number of organic substances consumed by
microbes to produce hydrogen. Therefore, at 100°C,
biohydrogen formation also reached its highest value,
which was 36.5% of the gas product, resulting in 0.264 L
H»/L POME. The hydrogen production increased as the
pretreatment temperature increased to 100°C and
decreased at higher temperatures. Thermal pretreatment
not only deactivates microorganisms that consume
hydrogen, but also helps in the hydrolysis process. As the
substrate becomes more easily digestible, the hydrogen
production increases. In conclusion, thermal pretreatment
positively affects biohydrogen production from POME
through a hydrolysis-acidogenesis reaction. In future work,
a more comprehensive study is needed to increase the
production of hydrogen. Nevertheless, the energy
demands for heat treatment must be assessed and
evaluated in future studies to calculate the effectiveness of
hydrogen production through the hydrolysis-acidogenesis
reaction.
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Nomenclature

COD, COD loading (kg-COD)

COD,  COD of POME (mg L")
Vp volume of POME (L)
H;p..s  Hzproduction (Nm?)
COD¢ COD consumption (%)
H,/COD  ratio of Hz to COD (Nm?® kg-COD™)
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