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Abstract: A pre-culture stage is required to obtain robustly-dividing cells with high hydrogen (H2) 

production capabilities. However, a step-by-step process for biohydrogen production is scarcely 

reported, mainly from palm oil wastewater. Therefore, this study developed a guideline to find the 

best inoculum heat treatment conditions and implement the selected conditions for biohydrogen 

production using palm oil wastewater. This study used raw palm oil mill effluent (POME) and 

POME sludge as substrate and inoculum, respectively. Our findings reveal that 80 C and 30 min 

were the best conditions for inoculum heat treatment. When testing the conditions on POME sludge 

and inoculating with raw POME (28 g COD/L) at 37 C (reaction temperature), 24 h (reaction time), 

and pH 5.5, 34 mL H2/d was recorded. A slight increase (1.1-fold) was observed compared to 5 g 

COD/L POME co-digested with 5 g/L glucose (31 mL H2/d). This discovery indicates that raw POME 

is a potential source for biohydrogen production under anaerobic fermentation and can be directly 

used as substrate up to 30 g COD/L. The proposed guideline could also be implemented for different 

organic wastes for biohydrogen production study. 
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1. Introduction 

Hydrogen (H2) is considered a clean and long-lasting energy carrier. For the past 15 

years, the focus on hydrogen production from organic waste has been increasing, fuelling 

research in the field. Organic wastes, such as agricultural waste, contain specific microbes 

that may contribute to hydrogen production in the future and prove to be a viable renew-

able energy source. Increasing the performance of biohydrogen production from lignocel-

lulosic biomass is thus an important research direction since biohydrogen is a green and 

environmentally friendly energy carrier that has the potential to reduce our reliance on 

fossil fuels. 

Palm oil mill effluent (POME) is one such source of agricultural waste, and palm oil 

milling is one of Malaysia’s most important industries. POME is produced by milling ei-

ther dry or wet palm oil fruit bunches. Several studies reported that 5 to 7.5 tonnes of 

water are used for every metric tonne of crude palm oil (CPO) produced, with more than 

half of this typically ending up as POME [1,2]. Generally, POME contains a high amount 
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of organic nutrients and different suspended materials. Hence, if it is not treated appro-

priately, POME will have a crucial environmental impact [3]. 

Biological treatment/processes such as dark fermentation and photo-fermentation 

are other methods to produce biohydrogen. The former uses anaerobic bacteria, while the 

latter requires phototropic bacteria. The use of mixed cultures as inoculum for biohydro-

gen production via dark fermentation has recently gained much attention [4–6]. Several 

biohydrogen studies utilizing POME under the dark fermentation process have been re-

ported in a batch [1] and continuous mode [7]. 

The differences between dark and photo-fermentation are that the former does not 

require light, wastewater could be used as a substrate, carbon dioxide is released along 

with hydrogen generation, and acidic pH favours hydrogen production. In contrast, 

photo-fermentation does not require light, toxic and high-strength wastewater cannot be 

utilized as substrate, carbon dioxide will be fixed to a carbon source along with hydrogen 

generation, and a near-neutral pH is preferred during the process [8]. In the dark fermen-

tation process, several mesophilic and thermophilic microbial species, such as Enterobacter 

cloacae, Clostridium butyricum, Bacillus amyloliquefaciens, and Thermoanaerobacterium, break 

down waste material into hydrogen [8]. 

Other important factors, such as the pH in the bioreactor, temperature, substrate 

source, and the pre-treatment of a substrate or/and inoculums, must be considered to 

achieve successful biological treatment for biohydrogen production using organic wastes 

[9]. Inoculum pre-treatment involves heat shock, acid/base, chemical, and physical pre-

treatment [10]. Introducing an optimization strategy would significantly affect biohydro-

gen production regarding the required factors and conditions. 

Magrini et al. studied the effect of different inoculum heat treatments on biohydro-

gen production and volatile fatty acids from sugarcane vinasse as substrate at pH 6 [10]. 

They reported that the highest hydrogen yield and production of 4.75 mmol H2 g−1 COD 

and 821.34 mL, respectively, were achieved when the inoculum was heat treated at 90 C 

for 10 min. They also confirmed and proved that no supplements are needed during the 

process, and this process could be driven only by pH selection and inoculum pre-treat-

ment. 

Meanwhile, Mohan et al. investigated a rapid and straightforward strategy for as-

sessing biohydrogen production potential (BHP) using mixed cultures from composite 

wastewater as a biocatalyst and different wastewaters as a substrate [11]. Under critical 

operational factors, the designed strategy demonstrated the feasibility of using selected 

wastewater for biohydrogen production. They also found that pre-treatment of anaerobic 

inoculum is associated with acidic feeding conditions and significantly affects overall sub-

strate degradation and hydrogen production, regardless of the types of wastewater em-

ployed. The nature/composition of the wastewater and the applied organic load also sig-

nificantly impacted process efficiency. 

Therefore, based on the factors described above, optimization strategies for different 

inoculum heat treatments are one of the main parameters that must be investigated. In 

addition, a specific environment must be formed to grow hydrogen-producing bacteria 

(HPB). In this study, heat-shock pre-treatment was selected, as it can suppress homoace-

togens in the sludge and allows the growth of HPB [12]. Furthermore, an acidic condition 

is favoured, as it is the best condition for effective biohydrogen production [13,14]. Thus, 

a preliminary investigation of different types of inoculums and substrate preparation was 

conducted to achieve the highest biohydrogen production. 
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2. Materials and Methods 

2.1. Inoculum 

In this study, only two different sludges were used as inoculums: (1) Carlsberg 

sludge (collected from an anaerobic fermentation process treating brewery wastewater in 

Shah Alam, Selangor, Malaysia) and (2) POME sludge (from the anaerobic pond at Jugra 

Palm Oil Mill, Banting, Selangor, Malaysia) (Figure 1). Food and beverage (F&B) sludge 

was not used, as it could not produce biohydrogen in our preliminary study. Instead, 

Carlsberg and POME sludge were used in this study, as they could enhance biohydrogen 

production by treating POME [1,12]. 

 

Figure 1. Inoculum and substrate preparation. 

Samples collected were immediately stored in a cold room (4 °C). Before the experi-

ments, they were left untreated to equilibrate at room temperature (37 °C) and allowed to 

settle before both sludges were heat-treated and used as inoculum. The characteristics of 

the sludges were measured before the experiment and are presented in Table 1. 

Table 1. Characteristics of the inoculums and substrates used in this study. 

Parameters 

Inoculum Substrates 

Carlsberg 

Sludge 
POME Sludge Carlsberg POME F&B 

Raw 

POME 

Initial Chemical Oxygen De-

mand (COD) (g/L) 
- - 12.5 13 2.5 28 

Initial pH 7.2 7.3 7.2 6.9 7.0 4.9 

Total Suspended Solid (TSS) 

(g TSS/L) 
35 50 - - - - 

Volatile Suspended Solid 

(VSS) (g VSS/L) 
24 35 - - - - 

Moisture Content (%) n. d n. d n. d 80 1 n. d 95–96 1 

Bacterial Identification 2 n. d 
Lactobacillus acidophilic (Gram-

positive facultative anaerobe) 
- - - - 

Plate Count (CFU/mL) 2 n. d 2.4 × 107 - - - - 
1 [15]; 2 [16] (n.d = not determined). 
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2.2. Substrate 

Dark fermentation/anaerobic digestion requires organic materials to be converted to 

simple monomers such as fatty and amino acids and monosaccharides. The substrates are 

(1) Carlsberg, (2) POME, (3) F&B, and (4) raw POME. Before the experiment, all the 

wastewater was left untreated and allowed to settle before the liquid part was used to 

identify its feasibility as a substrate for biohydrogen production (Figure 1). The character-

istics of the substrates used in this study were also summarised in Table 1. 

2.3. Preliminarily Investigation Experiment 

As shown in Figure 2, the best conditions were optimized based on the one-factor-at-

a-time (OFAT) method. During the First Phase, Carlsberg sludge was heat-treated at dif-

ferent times and temperatures. Next, the best conditions from the First Phase (time, tem-

perature) were selected for the Second Phase. In this phase, different inoculums and sub-

strates were evaluated for biohydrogen production. In the Third Phase, different substrate 

concentrations were studied using the best heat-treated inoculum (from the Second 

Phase). Finally, the optimum conditions were based on the best substrate concentration 

and heat-treated inoculum. The details of each phase are described below. 

 

Figure 2. A summary of a step-by-step optimization strategy used in this study for biohydrogen 

production potential. (H2 = biohydrogen). 
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2.3.1. First Phase: Inoculum Heat Treatments 

Carlsberg sludge was heated at 80, 90, and 100 °C for 30, 75, and 120 min using a 

water bath. Temperatures between 80 and 100 C between 30 and 120 min were selected 

based on studies done by Lin et al. (2011) for 80 C, 30 min [17], Uyub et al. (2017) for 80 

C, 120 min and 100 C, 30 min [18], and Woo and Song (2010) for 100 C, 120 min [19]. 

Meanwhile, a heat treatment at 90 C for 75 min was selected as the median between 80 

and 100 C and 30 and 120 min. The inoculum was then left to cool to room temperature 

(27 °C). Carlsberg sludge was measured for total suspended solids (TSS) according to the 

APHA Standard Methods 2540 G [20], then diluted to 10 g/L TSS. Glucose as substrate 

was added at 6 g/L, and the pH was adjusted to pH 6.5. A 156 mL serum bottle was used 

as a batch reactor, with a working volume of 100 mL and a headspace volume of 18 mL at 

1 atm. The serum bottles were sealed using an aluminium cap before sparging with nitro-

gen gas at 10 mL/min for 15 min to achieve anaerobic conditions. Samples were then in-

cubated at 37 °C at 150 rpm for 48 h (reaction time) in a shaking incubator to act as a 

control (Figure 3). Finally, hydrogen was collected and measured every 24 h. 

 

Figure 3. A schematic diagram depicting the incubation of cultures for biohydrogen production 

during the First Phase. 

2.3.2. Second Phase: Feasibility Study Using Different Inoculums and Substrates 

Next, Carlsberg and POME sludges were heat-treated based on the selected heat 

treatment strategy (80 °C, 30 min) to study the best inoculum for biohydrogen produc-

tion). However, since the final pH of all samples in the First Phase was reduced to pH 5.5 

± 0.1, a buffer solution was added to maintain the pH of 5.5. Carlsberg and POME sludges 

were then inoculated (37 °C, 24 h, 150 rpm) into three substrates, as described in Figure 2, 

with an inoculum concentration of 10 g/L and a total working volume of 100 mL. The 

substrates’ initial COD of Carlsberg, POME, and F&B were 12.5 g/L, 13 g/L, and 2.5 g/L, 

respectively. Finally, the total biohydrogen volume was measured to find the best inocu-

lum and substrate for biohydrogen production. 

2.3.3. Third Phase: Feasibility Study Using Different Substrate Concentrations 

Subsequently, to study the effect of substrate types and concentrations on biohydro-

gen production, 5 g COD/L of POME, 5 g COD/L POME co-digested with 5 g/L glucose, 

and 28 g COD/L of raw POME were incubated with the best heat-treated inoculum found 

in the Second Phase. This phase aimed to determine the most suitable substrate for pro-

ducing the highest amount of biohydrogen using heat-treated POME sludge as inoculum. 

Raw POME was chosen at high concentration because the finding could be used to justify 

Water bath/Shaker
37 °C 

48 h

150 rpm

Serum bottle

pH 6.5 
Heat treated Carlsberg 

sludge (inoculum) + 

glucose (substrate)
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whether a pre-treatment is needed in the future. After incubating the cultures for 24 h at 

37 °C, pH 5.5, and 150 rpm, the total biohydrogen volume was measured. 

2.4. Analytical Method 

The COD, VSS, and TSS were analyzed at the start of the experiment. All the tests 

were conducted according to APHA Standard Methods 5220 D, 2540 G, and 2540 D, re-

spectively [20]. The volume of biogas produced was measured using the water displace-

ment method [21], while volatile fatty acid (VFA) analysis was performed according to 

our previous study [16]. The composition of biogas was analyzed using gas chromatog-

raphy (GC) (Perkin Elmer, AutoSystem Gas Chromatograph, 600 Series LINK), a pack GC 

column Supelco, 40/80 carboxen 1000, MR2924D, 10′ × 1/8′, and a thermal conductivity 

detector (TCD). At a flow rate of 30 mL min−1, the carrier gas used was argon of high 

purity. The oven, injector, and detector temperatures were set to 100 °C, 150 °C, and 200 

°C, respectively. For injection-related gas sampling, a 0.5 mL, 2500 μL, gas-tight syringe 

from Hamilton, United States, was used [1]. In addition, 1 N of hydrochloric acid (HCl) 

and 1 N of sodium hydroxide (NaOH) were used for pH adjustment. 

3. Results 

3.1. First Phase: Inoculum Heat Treatment 

Figure 4A,B show that a heat treatment strategy of 80 °C for 30 min produces the 

highest total average biohydrogen production rate and VFA concentration over 24 (36.32 

mL H2/d and 64.82 mg acetic acid/L) and 48 (18.70 mL H2/d and 64.54 mg acetic acid/L) 

hours, with initial pH of 6.5. The VFA concentration increases at 48 h for a heat treatment 

strategy of 80 °C for 30 min. This change demonstrates the production of VFA during 

hydrolysis [22], supported by the reduction in final pH of 5.5 ± 0.1. The same trend was 

observed for all studied conditions except for 100 °C for 120 min. This inoculum heat treat-

ment condition shows the presence of hydrogen gas only after 48 h of reaction time; hence, 

no biohydrogen production rate was recorded in the first 24 h. Meanwhile, based on Fig-

ure 4C, the highest average COD removal efficiency was 52.55% and 21.94% (100 °C, 30 

min), and 25.09% and 12.76% (100 °C, 120 min) after 24 and 48 h with low VFA concentra-

tion detected (<100 mg acetic acid/L). For 80 °C for 30 min, the COD removal efficiency 

was 38.75% (24 h) and 36.89% (48 h). The lowest COD removal efficiency was observed at 

inoculum heat treatment of 100 °C, 120 min (25.09% for 24 h, 12.76% for 48 h). 

It is vital to clarify that no consistent patterns correlate temperature and duration of 

heat treatment to biohydrogen production. It is clear, however, that biohydrogen produc-

tion occurs better with an initial pH of 6.5. Nonetheless, because the cultures in these ex-

periments were not buffered, the final pH was lower due to the presence of VFAs. There-

fore, further repetitions were done to confirm our findings, where the final pH was rec-

orded and found to be pH 5.5. The result of this heat treatment strategy was then used for 

further experiments using the best heat treatment conditions, i.e., 80 °C for 30 min, with 

initial pH of 5.5, which was supported by other findings on optimal pH [12]. Phosphate 

buffers were then added to stabilize the pH to 5.5 to study its effect on biohydrogen pro-

duction. 
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Figure 4. Results from heat treatment strategy (First Phase) using Carlsberg anaerobic granulated 

sludge as inoculum fed with 6 g COD/L glucose. (A) Average hydrogen production rate versus time. 

(B) Average total VFA versus time. (C) Average COD removal efficiency versus time. (Average re-

sults were calculated based on sample size, n = 3). 
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3.2. Second Phase: Effects of Different Inoculums and Substrates on Biohydrogen  

Production Rate 

After selecting the best heat treatment conditions with the highest biohydrogen pro-

duction rate, the most potential inoculum and substrate concentrations for optimal biohy-

drogen production were determined. POME and Carlsberg sludge were heat treated at 80 

°C for 30 min and incubated at pH 5.5, 37 °C, and 150 rpm for 24 h. The substrates used 

are shown in Figure 1. Meanwhile, based on Figure 5, Carlsberg and POME sludges show 

a significant increase when grown in POME compared to Carlsberg and F&B. POME 

sludge shows the highest average biohydrogen production rate of 46.03 mL H2/d com-

pared to the Carlsberg sludge (34.07 mL H2/d) when using POME as a substrate. 

 

Figure 5. Biohydrogen produced by inoculum is derived from different sludges grown in various 

wastewater media (substrate) with Carlsberg = 12.5 g COD/L, POME = 13 g COD/L, and F&B = 2.5 

g COD/L. The media were adjusted to pH 5.5. Experiments were done in triplicates (n = 3), and 

samples were taken at 24 h. 

Meanwhile, using Carlsberg and POME sludge to produce hydrogen from Carlsberg 

and F&B as substrates did not generate significant amounts of biohydrogen, although they 

had different COD concentrations. Carlsberg and POME sludge yielded 4.67 and 5.75 mL 

H2/d, respectively when fed with Carlsberg (substrate, 12.5 g COD/L), while 5.21 and 5.75 

mL H2/d were achieved when fed with F&B (substrate, 2.5 g COD/L). 

3.3. Third Phase: Effects of Different Substrate Concentrations on Biohydrogen Production Rate 

Subsequently, since POME sludge produced the highest hydrogen in the Second 

Phase, it was selected and grown for 24 h in various concentrations and co-digested with 

glucose to investigate the effects of different concentrations on the biohydrogen produc-

tion rate. The substrates were 5 g/L POME, 5 g/L POME co-digested with 5 g/L glucose 

(POME + Glu), and 28 g/L raw POME. Results of additional experiments done in POME 

to study the effect of organic carbon content on hydrogen production are shown in Figure 

6. The figure shows that at 5 g/L COD of POME, 10 g/L POME (including 5 g/L added 

glucose), and 28 g/L raw POME, POME sludge yields 9, 31, and 34 mL H2/d, respectively. 

4.67 5.75

34.07

46.03

5.21 5.75

0

10

20

30

40

50

60

Carlsberg

sludge

POME

sludge

Carlsberg

sludge

POME

sludge

Carlsberg

sludge

POME

sludge

Carlsberg POME F&B

A
v

er
ag

e 
H

2
p

ro
d

u
ct

io
n

 r
at

e 
(m

L
/d

)



Fermentation 2023, 9, 127 9 of 14 
 

 

 

Figure 6. Effect of various POME concentrations on biohydrogen production rate. The cultures were 

grown at pH 5.5, 37 C, 150 rpm, and 24 h reaction time. Results display error bars with a 5% value 

(95% confidence level). 

4. Discussion 

Inoculum heat treatment is the most used method for biohydrogen production; 

hence, this technique can enrich spores that form HPB [23]. A similar finding was reported 

by Noike et al., where suppression of lactic acid bacteria (LAB), Lactobacillus sp., following 

heat treatment for 30 min at a temperature between 50 and 90 °C resulted in higher bio-

hydrogen production [24]. The concept of heat treatment is that certain bacteria can detect 

changes in their surroundings. This condition enables them to sporulate, especially at high 

temperatures. It is also believed that the HPB can be enriched and grown under suitable 

conditions, increasing biohydrogen production [25]. 

Moreover, the COD removal efficiency for all heat-treated sludge was reported to be 

between 10 and 50% after 48 h of reaction time. A similar finding was observed using heat-

treated Carlsberg sludge for biohydrogen production [12]. The authors reported that the 

low efficiency is because the carbonaceous matter is oxidized to organic acids rather than 

entirely mineralized for methane and carbon dioxide, as occurs when anaerobic digestion 

is complete. 

Since the maximum biohydrogen production was reported at pH 5.5, this study is 

consistent with the previous finding [26]. pH value is vital in VFA bio-production because 

it regulates the activities of various microbes involved in anaerobic digestion [27]. This 

condition helps specific microbes to have enough energy to generate biohydrogen. pH 

range between 5 and 5.5 may also reduce methanogenic activity while increasing the ac-

tivity of HPB [26]. HPB is also responsible for VFA production as a by-product of biohy-

drogen production [28]. Gerardi (1979) reported that acetic, butyric, and propionic acids 

(short-chain fatty acids) indicate the presence of saprophytic bacteria that break down the 

organic matter and convert them into simpler compounds [29]. According to Pachapur et 

al. (2019), inoculum heat treatment would generate only hydrogen and carbon dioxide, as 

the process will eliminate methanogenic activity under higher pH (more than 6.5). This 

pre-treatment could also promote the Enterobacter and Clostridium family, which can assist 

in sludge solubilization [30]. 

Subsequently, when comparing the substrates in the Second Phase, the results show 

that the source of inoculum and substrate influence the volume of biohydrogen produced. 

These findings could be due to the different compositions of the substrates [31]. A study 
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has reported a biohydrogen production rate of 17.05 mL H2/h using heat-treated sewage 

sludge as inoculum and brewery wastewater as substrate [28]. This value could be influ-

enced by the reactor used (anaerobic baffled reactor) and the retention time of 10.2 h. 

Meanwhile, Regueira et al. (2020) state that various microorganisms could activate or in-

activate hydrogen consumption, resulting in unstable VFA and hydrogen production [32]. 

This condition is influenced by the different pH used during digestion and inoculum pre-

treatments conditions. Yossan et al. (2012) reported that Clostridium spp. was a dominant 

species after inoculum heat-shock treatment with POME for biohydrogen production [33] 

while García-Depraect et al. (2017) found that acetic acid bacteria, such as Acetobacter spp., 

was dominant during the biohydrogen digestion process that converts glucose to acetic 

acid [34]. 

As shown in Figure 5, the POME concentration (the organic content) was higher (13 

g COD/L) than the Carlsberg (12.5 g COD/L). This result could explain the significant dif-

ference in biohydrogen production between the two substrates. POME concentration is 

slightly higher than that of Carlsberg (12.5 g COD/L) because the former contains cellulose 

and hemicellulose, which are further degraded by the active microbes in the inoculums to 

produce biohydrogen, hence generating higher amounts of hydrogen [35,36]. The average 

biohydrogen production rate is also higher than the First Phase, which uses glucose (6 

g/L) as a substrate. Lignocellulosic biomass, a carbohydrate-rich substrate, such as raw 

POME, could also produce hydrogen by anaerobic bacteria [1,21]. 

Besides that, Carlsberg sludge used with Carlsberg and F&B effluent yielded a 10% 

difference in the volume of biohydrogen production rate, despite F&B having approxi-

mately six times lower organic content than Carlsberg. Furthermore, using POME sludge 

with raw POME yielded about nine and eight times more hydrogen than when used with 

Carlsberg and F&B effluent, despite the COD difference being approximately two and 

eleven times less in Carlsberg and F&B, respectively. This finding might indicate that 

brewery wastewater contains inhibitive compounds, limited essential macro- and micro-

nutrients, or a combination of these factors that may affect microbial metabolism [37]. 

Next, in the Third Phase, the increase of COD concentration from 5 g/L to 10 g/L and 

28 g/L COD was accompanied by a 3.4- and 3.8-fold increase in biohydrogen production, 

respectively. Considering that 5 g/L of glucose was added to amend the COD content to 

10 g/L, only a small percentage of the organic content in POME was accessible to HPB. 

However, 34 mL H2/d was recorded using 28 g/L for raw POME. This finding is not pro-

portional to 5 g/L POME as substrate. Therefore, it is postulated that, when using 28 g/L 

POME, about 54 mL H2/d could be produced. The reason could be attributed to the sub-

strate types used in this study. More complex substrates, such as raw POME, must be 

broken down into simple structures for easier access during hydrogen fermentation, al-

lowing the HPB to quickly digest the simple substrates after appropriate pre-treatment 

[30]. 

Additionally, raw POME contains 16–100 g/L of total COD, indicating high organic 

nutrients [38]. The proximate analysis of raw POME from another study also showed that 

the carbohydrate content in raw POME was significantly high [39]. The high nutrient con-

tent in raw POME makes it a potential source to produce biohydrogen using biological 

treatment. Additionally, the food-to-microbe ratio (F/M) in POME sludge (35 g VSS/L) 

cultured in raw POME (28 g COD/L) yields an F/M of 0.8. An F/M between 0.5 and 1.0 is 

reported to be suitable in a batch anaerobic test for food wastes [40], while the 0.5–1.4 

range is ideal for high-strength organic wastewater [41]. In addition, this strategy has 

shown that raw POME from a cooling pond can produce a biohydrogen volume similar 

to POME (5 g/L) mixed with glucose (5 g/L) from an anaerobic pond. 

Based on the obtained results, this study proves that biohydrogen production is fea-

sible using POME sludge with raw POME. The mixture of POME sludge and raw POME 

would give a pH of approximately 6 that will slightly decrease (around pH 5–5.5) after 

the reaction due to the production of VFAs. Another approach is maintaining the thermo-

philic condition during the process [1]. During the acclimated process, adaptation will 



Fermentation 2023, 9, 127 11 of 14 
 

 

occur between the mixed cultures in both inoculum and substrate, thus improving biohy-

drogen production. 

Two types of microorganisms that produce hydrogen are photosynthetic bacteria 

and anaerobic bacteria. Many studies have reported using mixed cultures of anaerobic 

bacteria for biohydrogen production [42,43]. Khanal (2004) and Lay (1999) reported that 

biohydrogen production studies often use heat-treated biological waste as a ready source 

of hydrogen-producing mixed microflora [44,45]. Clostridia are primarily found in mixed 

cultures enriched from natural environments [45,46]. However, our previous study using 

mixed cultures from heat-treated POME sludge found that Gram-negative rod bacteria 

had the highest count (2.5 × 107 CFU/mL). The partial 16S rRNA gene sequences confirmed 

that 95% was similar to Acetobacter spp., which predominates in the fermentation process 

that treats raw POME [16]. Kumar et al. (2018) revealed that, under mesophilic conditions, 

the most commonly reported HPBs are Enterobacter (Gram-negative, non-spore former) 

and Clostridium (Gram-positive, spore former) [47]. These findings proved that both bio-

hydrogen-producing and non-producing microorganisms coexist in a dark fermentative 

biohydrogen production system. They can be found in various ecosystems as a single 

strain or communities of different taxa. Nonetheless, the most promising microbes for bi-

ohydrogen production via dark fermentation are known to be obligate and facultative 

anaerobes [47]. 

5. Conclusions 

The anaerobic fermentation batch study using anaerobic mixed cultures demon-

strated the feasibility of biohydrogen generation utilizing feedstock wastes as substrate. 

The heat-treatment method used for the selective enrichment of HPB influenced the total 

biohydrogen volume produced. The heat-treatment method at different temperatures and 

times positively influenced biohydrogen production. In this study, POME sludge (50 g 

TSS/L) and raw POME (28 g COD/L) had the highest potential inoculum and substrate 

concentration for efficient biohydrogen generation (34 mL H2/d). However, using POME 

as a substrate, Carlsberg sludge could also be a good inoculum source for biohydrogen 

production. Inoculum heat treatment at 80 C and 30 min was the best condition for bio-

hydrogen production. 

These findings proved that this guideline was successfully implemented to evaluate 

the performance and potential of the heat-treatment process used for producing biohy-

drogen from different organic biomass. This study could also be a reference for various 

communities, such as academia and industrial players, in identifying the most promising 

inoculums and substrates for biohydrogen production, allowing for future investigation. 

A substrate pre-treatment could enhance the hydrogen production rate due to the high 

lignin content. Additional research on the microbial characteristics during inoculum heat 

treatment and after the incubation period could be performed to determine the most 

prominent bacteria during the process. 

Author Contributions: Conceptualization, A.A.Z.; data curation, S.Z.; formal analysis, B.S.Z. and 

S.Z.; funding acquisition, P.J.K. and H.M.; investigation, S.Z.; methodology, S.Z.; resources, B.S.Z. 

and S.Z.; supervision, S.I., P.J.K. and H.M.; validation, B.S.Z. and S.Z.; visualization, B.S.Z. and S.Z.; 

writing—original draft, S.Z.; writing—review & editing, B.S.Z., S.Z., N.S.M., H.M. and P.J.K. All 

authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the University of Malaya under the Industrial Prototype 

Grant (grant number RU019D-2014A), and the APC was funded by the UNITEN BOLD grant 

(J510050002) from Universiti Tenaga Nasional as well as the Highly Cited Research (HCR) Track 

program, and AAIBE Chair of Renewable Energy grant. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 



Fermentation 2023, 9, 127 12 of 14 
 

 

Acknowledgments: We are grateful to Carlsberg (M) and Jugra Palm Oil Mill (now known as Seri 

Bandar Palm Oil Mill Sdn Bhd) for providing us with samples. We also thank the University of 

Malaya for allowing us to conduct this research. Finally, all authors would like to express gratitude 

to Nur Atiqah Aziz and Muhammad Ridzwan Muhammad Ramdan for the knowledge transfer. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Zainal, B.S.; Zinatizadeh, A.A.; Chyuan, O.H.; Mohd, N.S.; Ibrahim, S. Effects of Process, Operational and Environmental Vari-

ables on Biohydrogen Production Using Palm Oil Mill Effluent (POME). Int. J. Hydrogen Energy 2018, 43, 10637–10644. 

https://doi.org/10.1016/j.ijhydene.2017.10.167. 

2. Malaysian Palm Oil Board (MPOB) Oil Palm & the Environment. Available online: http://mpob.gov.my/en/palm-info/environ-

ment/520-achievements (accessed on 28 November 2018). 

3. Kamyab, H.; Chelliapan, S.; Din, M.F.M.; Rezania, S.; Khademi, T.; Kumar, A. Palm Oil Mill Effluent as an Environmental Pol-

lutant. In Palm Oil; InTech: London, UK, 2018; pp. 13–28. 

4. Assawamongkholsiri, T.; Reungsang, A.; Pattra, S. Effect of Acid, Heat and Combined Acid-Heat Pretreatments of Anaerobic 

Sludge on Hydrogen Production by Anaerobic Mixed Cultures. Int. J. Hydrogen Energy 2013, 38, 6146–6153. 

5. Akhbari, A.; Chuen, O.C.; Ibrahim, S. Start-up Study of Biohydrogen Production from Palm Oil Mill Effluent in a Lab-Scale up-

Flow Anaerobic Sludge Blanket Fixed-Film Reactor. Int. J. Hydrogen Energy 2021, 46, 10191–10204. 

https://doi.org/10.1016/j.ijhydene.2020.12.125. 

6. Akhbari, A.; Chuen, O.C.; Zinatizadeh, A.A.; Ibrahim, S. Start-Up Study on Biohydrogen from Palm Oil Mill Effluent in a Pilot-

Scale Reactor. Clean 2020, 48, 2000192. https://doi.org/10.1002/clen.202000192. 

7. Zainal, B.S.; Akhbari, A.; Zinatizadeh, A.A.; Mohammadi, P.; Danaee, M.; Mohd, N.S.; Ibrahim, S. UASFF Start-up for Biohy-

drogen and Biomethane Production from Treatment of Palm Oil Mill Effluent. Int. J. Hydrogen Energy 2018, 44, 20725–20737. 

https://doi.org/10.1016/j.ijhydene.2018.07.037. 

8. Sarangi, P.K.; Nanda, S. Biohydrogen Production Through Dark Fermentation. Chem. Eng. Technol. 2020, 43, 601–612. 

https://doi.org/10.1002/ceat.201900452. 

9. Bélafi-Bakó, K.; Kumar, G.; Bakonyi, P.; Periyasamy, S.; Kim, S.H.; Nemestóthy, N.; Bélafi-Bakó, K. Lignocellulosic Biohydrogen: 

Practical Challenges and Recent Progress. Renew. Sustain. Energy Rev. 2015, 44, 728–737. 

https://doi.org/10.1016/j.rser.2015.01.042. 

10. Magrini, F.E.; de Almeida, G.M.; da Maia Soares, D.; Fuentes, L.; Ecthebehere, C.; Beal, L.L.; da Silveira, M.M.; Paesi, S. Effect 

of Different Heat Treatments of Inoculum on the Production of Hydrogen and Volatile Fatty Acids by Dark Fermentation of 

Sugarcane Vinasse. Biomass Convers. Biorefin. 2021, 11, 2443–2456. https://doi.org/10.1007/s13399-020-00687-0. 

11. Mohan, S.V.; Chiranjeevi, P.; Mohanakrishna, G. A Rapid and Simple Protocol for Evaluating Biohydrogen Production Potential 

(BHP) of Wastewater with Simultaneous Process Optimization. Int. J. Hydrogen Energy 2012, 37, 3130–3141. 

https://doi.org/10.1016/j.ijhydene.2011.10.109. 

12. Mohammadi, P.; Ibrahim, S.; Mohamad Annuar, S.M. Comparative Study on the Effect of Various Pretreatment Methods on 

the Enrichment of Hydrogen Producing Bacteria in Anaerobic Granulated Sludge from Brewery Wastewater. Korean J. Chem. 

Eng. 2012, 29, 1347–1351. 

13. Mu, Y.; Yu, H.Q.; Wang, G. A Kinetic Approach to Anaerobic Hydrogen-Producing Process. Water Res. 2007, 41, 1152–1160. 

https://doi.org/10.1016/j.watres.2006.11.047. 

14. Norfadilah, N.; Raheem, A.; Harun, R.; Ahmadun, F.R. Bio-Hydrogen Production from Palm Oil Mill Effluent (POME): A Pre-

liminary Study. Int. J. Hydrogen Energy 2016, 41, 11960–11964. https://doi.org/10.1016/j.ijhydene.2016.04.096. 

15. Akhbari, A.; Kutty, P.K.; Chuen, O.C.; Ibrahim, S. A Study of Palm Oil Mill Processing and Environmental Assessment of Palm 

Oil Mill Effluent Treatment. Environ. Eng. Res. 2020, 25, 212–221. https://doi.org/10.4491/eer.2018.452. 

16. Zainal, B.S.; Gunasegaran, K.; Tan, G.Y.A.; Danaee, M.; Mohd, N.S.; Ibrahim, S.; Chyuan, O.H.; Nghiem, L.D.; Mahlia, T.M.I. 

Effect of Temperature and Hydraulic Retention Time on Hydrogen Production from Palm Oil Mill Effluent (POME) in an Inte-

grated Up-Flow Anaerobic Sludge Fixed-Film (UASFF) Bioreactor. Environ. Technol. Innov. 2022, 28, 102903. 

https://doi.org/10.1016/j.eti.2022.102903. 

17. Lin, C.Y.; Wu, S.Y.; Lin, P.J.; Chang, J.S.; Hung, C.H.; Lee, K.S.; Lay, C.H.; Chu, C.Y.; Cheng, C.H.; Chang, A.C.; et al. A Pilot-

Scale High-Rate Biohydrogen Production System with Mixed Microflora. Int. J. Hydrog. Energy 2011, 36, 8758–8764. 

18. Uyub, S.Z.; Mohd, N.S.; Ibrahim, S. Heat Pre-Treatment of Beverages Wastewater on Hydrogen Production. IOP Conf. Ser. Ma-

ter. Sci. Eng. 2017, 210, 012023. 

19. Woo, J.H.; Song, Y.C. Influence of Temperature and Duration of Heat Treatment Used for Anaerobic Seed Sludge on Biohydro-

gen Fermentation. KSCE J. Civ. Eng. 2010, 14, 141–147. https://doi.org/10.1007/s12205-010-0141-5. 

20. American Public Health Association (APHA). Standard Methods for the Examination of Water and Wastewater, 23rd ed.; American 

Public Health Association: Washington, DC, USA, 1999. 

21. Akhbari, A.; Akbar, A.; Vafaeifard, M.; Mohammadi, P.; Zainal, B.S.; Ibrahim, S. Effect of Operational Variables on Biological 

Hydrogen Production from Palm Oil Mill Effluent by Dark Fermentation Using Response Surface Methodology. Desalination 

Water Treat. 2018, 137, 101–113. 



Fermentation 2023, 9, 127 13 of 14 
 

 

22. Wang, K.; Yin, J.; Shen, D.; Li, N. Anaerobic Digestion of Food Waste for Volatile Fatty Acids (VFAs) Production with Different 

Types of Inoculum: Effect of PH. Bioresour. Technol. 2014, 161, 395–401. 

23. Goud, R.K.; Sarkar, O.; Mohan, S.V. Regulation of Biohydrogen Production by Heat-Shock Pretreatment Facilitates Selective 

Enrichment of Clostridium Sp. Int. J. Hydrogen Energy 2013, 39, 7572–7586. https://doi.org/10.1016/j.ijhydene.2013.10.046. 

24. Noike, T.; Takabatake, H.; Mizuno, O.; Ohba, M. Inhibition of Hydrogen Fermentation of Organic Wastes by Lactic Acid Bacte-

ria. Int. J. Hydrogen Energy 2002, 27, 1367–1371. 

25. Valdez-Vazquez, I.; Poggi-Varaldo, H.M. Hydrogen Production by Fermentative Consortia. Renew. Sustain. Energy Rev. 2009, 

13, 1000–1013. https://doi.org/10.1016/j.rser.2008.03.003. 

26. Aghajani Delavar, M.; Wang, J. Numerical Investigation of PH Control on Dark Fermentation and Hydrogen Production in a 

Microbioreactor. Fuel 2021, 292, 120355. https://doi.org/10.1016/j.fuel.2021.120355. 

27. Hobbs, S.R.; Landis, A.E.; Rittmann, B.E.; Young, M.N.; Parameswaran, P. Enhancing Anaerobic Digestion of Food Waste 

through Biochemical Methane Potential Assays at Different Substrate: Inoculum Ratios. Waste Manag. 2018, 71, 612–617. 

https://doi.org/10.1016/j.wasman.2017.06.029. 

28. Mutsvene, B.; Chetty, M.; Kumari, S.; Bux, F. Biohydrogen Production from Brewery Wastewater in an Anaerobic Baffled Re-

actor. A Preliminary Techno-Economic Evaluation. S. Afr. J. Chem. Eng 2023, 43, 9–23. https://doi.org/10.1016/j.sajce.2022.09.012. 

29. Gerardi, M.H. Wastewater Bacteria; Gerardi, M., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1979. 

30. Pachapur, V.L.; Kutty, P.; Pachapur, P.; Brar, S.K.; le Bihan, Y.; Galvez-Cloutier, R.; Buelna, G. Seed Pretreatment for Increased 

Hydrogen Production Using Mixed-Culture Systems with Advantages over Pure-Culture Systems. Energies 2019, 12, 530. 

31. Yilmazer Hitit, Z.; Zampol Lazaro, C.; Hallenbeck, P.C. Increased Hydrogen Yield and COD Removal from Starch/Glucose 

Based Medium by Sequential Dark and Photo-Fermentation Using Clostridium Butyricum and Rhodopseudomonas Palustris. 

Int. J. Hydrogen Energy 2017, 42, 18832–18843. 

32. Regueira, A.; Bevilacqua, R.; Lema, J.M.; Carballa, M.; Mauricio-Iglesias, M. A Metabolic Model for Targeted Volatile Fatty 

Acids Production by Cofermentation of Carbohydrates and Proteins. Bioresour. Technol 2020, 298, 122535. 

https://doi.org/10.1016/j.biortech.2019.122535. 

33. Yossan, S.; O-Thong, S.; Prasertsan, P. Effect of Initial PH, Nutrients and Temperature on Hydrogen Production from Palm Oil 

Mill Effluent Using Thermotolerant Consortia and Corresponding Microbial Communities. Int. J. Hydrogen Energy 2012, 37, 

13806–13814. 

34. García-Depraect, O.; Gómez-Romero, J.; León-Becerril, E.; López-López, A. A Novel Biohydrogen Production Process: Co-Di-

gestion of Vinasse and Nejayote as Complex Raw Substrates Using a Robust Inoculum. Int. J. Hydrogen Energy 2017, 42, 5820–

5831. https://doi.org/10.1016/j.ijhydene.2016.11.204. 

35. Ren, N.Q.; Zhao, L.; Chen, C.; Guo, W.Q.; Cao, G.L. A Review on Bioconversion of Lignocellulosic Biomass to H2: Key Chal-

lenges and New Insights. Bioresour. Technol. 2016, 215, 92–99. 

36. Alvira, P.; Ballesteros, M.; Negro, M.J. Pretreatment Technologies for an Efficient Bioethanol Production Process Based on En-

zymatic Hydrolysis: A Review. Bioresour. Technol. 2010, 101, 4851–4861. https://doi.org/10.1016/j.biortech.2009.11.093. 

37. Dias, C.; Santos, J.A.L.; Reis, A.; Lopes da Silva, T. Impact of Brewery Wastewater Inhibitors in Pure and Mixed Cultures of the 

Yeast Rhodosporidium Toruloides NCYC 921 and the Microalga Tetradesmus Obliquus ACOI 204/07. Biochem. Eng. J 2022, 185, 

108518. https://doi.org/10.1016/j.bej.2022.108518. 

38. Malakahmad, A.; Abd Lahin, F.; Yee, W. Biodegradation of High-Strength Palm Oil Mill Effluent (POME) through Anaerobes 

Partitioning in an Integrated Baffled Reactor Inoculated with Anaerobic Pond Sludge. Water Air Soil Pollut. 2014, 225, 1883. 

39. Nurliyana, M.Y.; H’ng, P.S.; Rasmina, H.; Kalsom, M.S.U.; Chin, K.L.; Lee, S.H.; Lum, W.C.; Khoo, G.D. Effect of C/N Ratio in 

Methane Productivity and Biodegradability during Facultative Co-Digestion of Palm Oil Mill Effluent and Empty Fruit Bunch. 

Ind. Crops Prod. 2016, 76, 409–415. https://doi.org/10.1016/j.indcrop.2015.04.047. 

40. Montalvo, S.; Gonzalez, P.; Mena, C.; Guerrero, L.; Borja, R. Influence of the Food to Microorganisms (F/M) Ratio Andtemper-

ature on Batch Anaerobic Digestion Processes Withandwithout Zeolite Addition. J. Environ. Sci. Health A Tox. Hazard. Subst. 

Environ. Eng. 2012, 47, 1785–1794. https://doi.org/10.1080/10934529.2012.689235. 

41. Hamza, R.A.; Sheng, Z.; Iorhemen, O.T.; Zaghloul, M.S.; Tay, J.H. Impact of Food-to-Microorganisms Ratio on the Stability of 

Aerobic Granular Sludge Treating High-Strength Organic Wastewater. Water Res. 2018, 147, 287–298. 

https://doi.org/10.1016/j.watres.2018.09.061. 

42. Kongjan, P.; Inchan, S.; Chanthong, S. Hydrogen Production from Xylose by Moderate Thermophilic Mixed Cultures Using 

Granules and Biofilm Up-Flow Anaerobic Reactors. Int. J. Hydrogen Energy 2018, 44, 3317–3324. 

43. El-Kahlout, K.A.; Rahma, A.A.A.; El-Bashiti, T.A.; El-Ashgar, N.M. Biohydrogen Production by Modified Anaerobic Fluidized 

Bed Reactor (AFBR) Using Mixed Bacterial Cultures in Thermophilic Condition. IUG J. Nat. Stud. 2017, 25, 21–32. 

44. Khanal, S.K.; Chen, W.H.; Li, L.; Sung, S. Biological Hydrogen Production: Effects of PH and Intermediate Products. Int. J. 

Hydrogen Energy 2004, 29, 1123–1131. https://doi.org/10.1016/j.ijhydene.2003.11.002. 

45. Lay, J.-J.; Lee, Y.-J.; Noike, T. Feasibility of Biological Hydrogen Production from Organic Fraction of Municipal Solid Waste. 

Water Resour. 1999, 33, 2579–2586. 

46. Mizuno, O.; Dinsdale, R.; Hawkes, F.R.; Hawkes, D.L.; Noike, T. Enhancement of Hydrogen Production from Glucose by Ni-

trogen Gas Sparging. Bioresour. Technol. 2000, 73, 59–65. 



Fermentation 2023, 9, 127 14 of 14 
 

 

47. Kumar, G.; Cho, S.K.; Sivagurunathan, P.; Anburajan, P.; Mahapatra, D.M.; Park, J.H.; Pugazhendhi, A. Insights into Evolution-

ary Trends in Molecular Biology Tools in Microbial Screening for Biohydrogen Production through Dark Fermentation. Int. J. 

Hydrogen Energy 2018, 43, 19885–19901. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


