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INTRODUCTION

Several studies have been conducted to create sustainable
alternative energy sources in response to the major reliance on
fossil fuels, to meet out the rising need for worldwide energy
usage, the expanding need to overcome ecological challenges
and other factors [1]. Fuel cell engines, which will eventually
replace combustion engines, employ hydrogen, a great clean
energy source, to produce an electric current that powers an
engine [2].

Unsteadiness in a waste treatment system is usually brought
on by variations in food processing features. It is generally
accepted that the concentration of contaminants and the charac-
teristics of the wastewater play a major role in determining
the optimum treatment method. For medium-to-high strength
wastewaters, COD >2000 mg/L and for mild strength waste-
waters, COD 2000 mg/L, respectively, are used to determine
the strength of the wastewater [3]. Biomass, which is derived
from organic matter and ecological sources and may be transf-
ormed into energy-rich gasoline like hydrogen and methane
by anaerobic process [4], is one of the most important latent
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energy resources. Since mild-strength wastewater performs
poorly, anaerobic digestion normally uses high-strength waste-
water [5]. However, recently anaerobic systems have become
a feasible alternative to traditional aerobic processes for treating
mild-strength substrates, for example, municipal effluent [6].

Numerous bacteria in anaerobic systems biotransform
organic substances, typically biomass and methane, in four
basic phases viz. hydrolysis, acetogenesis, acidogenesis and
methanogenesis. Exoenzymes are used in the hydrolysis stage
to convert complex organic molecules into the simple organic
matter. The hydrolyzed monomers next move onto the acido-
genesis phase, where they are broken down by microbes and
transformed into intermediary substances like acetic acids,
hydrogen and volatile fatty acids (VFA). A subsequent conver-
sion of VFA into acetic acid occurs at the acetogenesis phase.
Those intermediates are eventually transformed into CH4, CO2

and H2O by microbes called methanogens during methano-
genesis [7].

Traditionally, the single-phase anaerobic fermentation
involves carrying out each of these procedures in a single pot.
On the other hand, operating in a double-stage system that
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separates acidogenesis from methanogenesis is known to offer
additional benefits including hydrogen build-up, reduced hydr-
aulic retention time and higher digestion capacity. Anaerobic
double-stage digestion techniques can be used to generate bio-
energy such as biomethane, biohydrogen and biomethane.

Bio-H2 might be used as a starting point in the explanation
of biomethane because bio-H2 and bio-CH4 are the two main
components in its formation. Furthermore, the produced bio-
CH4 and bio-H2 may be combined in the ideal ratios to create
green biomethane, that should theoretically have a greater
combustion capacity [8]. There may be significant benefits to
using a double-stage system rather than a one-stage process
for treating these effluent [9]. It is possible to choose and raise
the bacterial quantity in each digester as well as intermediary
chemicals thanks to the disintegration of the key reactions in
the anaerobic process. This allows for the optimization of each
community’s activity and improves the conditions in which it
can thrive. In addition, the double-stage fermentation has poten-
tial to boost energy recovery by an additional 8 to 43% [10].

The microbes are typically eroded during lower retention
times run in the digester [11], the immobilized-cell technique
provides an effective and reliable method for continuous H2

generation, enabling the active utilization of carbon compounds.
Contrarily, steady immobilized H2 generation is frequently a
lengthy system that might be affected by several variables,
including pH, inoculum, temperature and substrate concentra-
tion [12]. Recent advancements in the immobilization technology
have been made to combat the theory of cell loss as well as boost
productivity and output [13].

This study treated mild-strength wastewater with a double-
stage anaerobic system. The main objective of this study is to
assess the potential for methane and hydrogen generation as
well as contaminant elimination for a double-stage anaerobic
system on the mild-strength substrate, using an immobilization
technique to increase total energy output.

EXPERIMENTAL

Wastewater and seeding: An industrial producer situated
at Terengganu, Malaysia, collected mild-strength wastewater
from the equalization container of the effluent treatment plant.
The wastewater’s pH was 7 ± 1, its total COD was 2.8 ± 1.0 g/L,
its total carbohydrate content was 1.8 ± 1.5 g/L and its NH3-N
content was 3.0 ± 2.2 g/L. The seeding of the hydrogen digester
was done by activated sludge that was acquired from a nearby
effluent treatment facility. The seeding sludge was heated at
95 ºC for 1 h to inhibit methanogenesis. The volatile suspended
solids (VSS), pH and T-COD levels of the seeding sludge were
11.3, 6.2 and 13.8 g/L, respectively. The digester used to produce
methane was inoculated with granular sludge that was obtained
from a business in central Malaysia that produced fructose.
The VSS, pH and TCOD levels in this sludge were 35 g/L, 7.8
and 69 g/L, respectively.

At longer hydraulic retention times (8 and 12 h) and shorter
hydraulic retention times (2, 4 and 6 h), respectively, the
hydrogen generation digester used suspended and immobilized
seed inoculum. Pre-treated activated sludge was enhanced with

industrial wastewater containing 10 g COD/L and a preliminary
pH of 6.1 for 2 days in a glass tank to produce hydrogen-
producing bacteria. Also added with 400 mL of NaC6H7O6

solution (20 g/L) was 100 mL of enhanced hydrogen producer.
The blended liquid was then injected into a syringe and immersed
in a calcium chloride solution (40 g/L) to generate an immo-
bilized cell (diameter around 3 mm).

Fermentation system for methane and hydrogen

Considering the impact of temperature and nitrogen:
To evaluate the effect of temperature and nitrogen source on
the production of methane and hydrogen, several experiments
were conducted using NH4Cl and urea on three unlike seeding
sources (C/N proportion 10). The methane, hydrogen and batch
tests were done sequentially with three inoculums: Sewage
sludge1, cow dung and sewage sludge 2, with NH4Cl and urea
as nitrogen supplements (NH3-N3 ± 2 g/L).

In first test, mesophilic hydrogen generation was examined
about various nitrogen sources. Two hydrogen reactor trials
(using NH4Cl and urea) were run for 60 h (a starting pH of 6
and a wastewater level of 3 g COD/L). The liquid H2 metabolite
was then gathered and used right away to ferment methane.
The initial pH was changed to 7 and four runs of the methane
digester were carried out in two separate mesophilic and thermo-
philic environments (35 ºC and 55 ºC) to evaluate the 45-day
inhibitory effects of temperature on methane generation.

A system of methane and hydrogen is built in a steady
system. The double-phase anaerobic digestion procedure involved
a digester that produced methane and hydrogen in series. Two
up-flow digesters with a working capacity of 1 L were used to
generate anaerobic methane and hydrogen. The hydrogen digester
was grown for various hydraulic retention durations (HRTs)
of 12, 8, 4 and 2 h at a pH of 5.3 ± 0.1 and a temperature of 35
± 1 ºC. In the hydrogen digester, immobilized inoculum was
substituted for suspended seeding at shorter HRTs (2 and 4 h)
to reduce potential cell loss.

A nutrition solution containing the inorganic additives
indicated below (mg/L) was added to the mild-strength waste-
water viz. NH4Cl 5350, Na2HPO4 3490, NaH2PO4 21040,
MgCl2·6H2O 100, K2HPO4 125, FeSO4·7H2O 25, MnSO4·6H2O
15, CoCl2·5H2O, 0.125 and CuSO4·5H2O 5. Anaerobic granular
sludge from a facility in central Malaysia that produces fructose
was initially seeded into the digester for methane synthesis
(working capacity 1 L). The granular sludge had a pH of 8.0,
a VSS of 37.7 g/L and a T-COD of 70.2 g/L, respectively. At
HRT 24 h, the methane production digester used the digested
wastewater from the H2-producing digester as its wastewater
without the addition of any additional food sources.

Analytical methods: A gas chromatograph (GC-TCD)
outfitted with a thermal conductivity detector (Chromatograph
8700T) was used to determine the composition of the biogas
and a wet gas meter (Ritter, Germany) was utilized to monitor
the production of gas. The generated gas’s composition and
the quantities of ethanol and volatile fatty acid were assessed
as previously mentioned [14]. The broth under test was examined
for carbohydrate content, pH, volatile suspended solid and
oxidation-reduction potential level, per the prior study [15].
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Total energy efficiency: Hydrogen/methane production
capacity (methane yield (MY) and hydrogen yield (HY)) and
hydrogen/methane generation rate (HPR/MPR) were used to
evaluate the effectiveness of hydrogen generation. The entire
value of heating might be computed by eqn. 1:

2 4

P P
Total energy (kJ) HPR HH MPR HCH

RT RT
= Σ × × × × (1)

HPR and MPR, respectively, stand for the hydrogen and methane
generation rates (L/L-d); P stands for the measurement pressure
of R for gas constant (0.082 L atm/mol K); gas (1 atm); T for
the measurement temperature of gas (273 + 25 K); and H for
the heating value (kJ/mol).

RESULTS AND DISCUSSION

Effects of temperature and ammonia level on biogas
generation efficiency: Before running under fixed conditions,
this trial evaluated the ultimate values of parameters such as
ammonia sources, inoculum source and temperature. Addition-
ally, it looked at the biogas production effectiveness of enhanced
immobilized hydrogen and granular methane producers.

In terms of the kind of nitrogen supply and temperature,
unlike waste characteristics were watched for each trial stage.
Table-1 shows the effect of nitrogen supply type on hydrogen
generation. In the NH4Cl experiment utilizing sewage sludge 1,
the hydrogen fermentation halted after 60 h. The total gener-
ation of hydrogen (HP) and hythane (HY) was 33 mL and 1.3
L/g COD 0.31 L/L. d, respectively and the greatest rate of
hydrogen production (HPRmax) was 0.32 L/L-d. Even though
both cow dung and sewage sludge 2 had higher HPRmax values,
the quantities of HP in each substance were somewhat milder
than in sewage sludge1 at 33 mL and 32 mL, respectively. All
inoculums that used NH4Cl as their nitrogen source often
exhibited elevated HP and HY. Sewage sludge 2 produced
maximal HP and HY, which were approximately twice as high
as the same amount of urea treated with inoculum. Cow dung
had the highest HP and HY in the urea study when compared
to other seeds in the same test and it stayed steady, unlike
ammonium supplementation. Two more operational factors
with a big effect on H2 generation are the starting and pH.

Numerous works on the impact of pH on different parts of
a hydrogen-generating process have been conducted, the bulk
of which concentrated on the impact of pH during inoculum
treatment. Since keeping pH levels between 5 and 6 increased
H2 generation and yields, this test began at the optimum pH of 6

[16]. After completion, the pH of NH4Cl experiment signifi-
cantly decreased from 6 to around 4, whereas the pH of the other
experiments increased to about 6.5 (Table-1). Additionally,
the metabolites produced helped to milder the pH and the
TVFA generated by NH4Cl dosing was higher (1905-2009 mg
COD/L) than the values produced by the urea experiment (1310-
1516 mg COD/L). Therefore, the use of NH4Cl as a nitrogen
source was sufficient for H2 formation.

Methane production (MP), methane yield (MY) and highest
methane production rate (MPRmax) for all seeding sources were
in the range of 56 to 66 mL, 0.27 to 0.33 L/g COD and 0.93 to
1.67 L/L-d after 45 days, correspondingly, according to Table-1.
These values were higher than in the thermophilic environment.
The development and enzymatic activities of several significant
methanogens have been observed to slow down at higher
temperatures [17]. Mesophilic anaerobic digestion (MAD) has
been shown in numerous studies to function better than
thermophilic anaerobic digestion (TAD), since TAD is more
sensitive to inhibitors [18]. Similar to 55 ºC experiment, no
methane signal was detected in the biogas samples obtained
from that experiment. The MYs for all the examined inoculums,
especially cow dung, which produced the most methane (0.33-
0.34 L/g COD), were reasonably comparable for methane
fermentation at 35 ºC. Although methane output varied non-
significantly across the various nitrogen sources for biological
fermentation, methane production was shown to be partially
regulated by the nitrogen supply, even though ammonia is a
crucial ingredient for bacterial development. Additionally,
methane production (MP) is influenced by the ammonium
content at various temperatures. According to research, the
ammonia/ammonium ratio will vary depending on temperature
and pH even with the same additional ammonium quantity [19].
It was found that the thermophilic digester had higher free
ammonia concentrations than the mesophilic digestion. Free
ammonia nitrogen (FAN) makes up less than 1% of total
ammonia in reactors operating at pH 7 and 37 ºC [20]. In
mesophilic conditions, a pH increase from 7 to 8 more than
doubles free ammonia levels and at thermophilic temperatures,
the increase is even greater. Under the mesophilic conditions,
immobilized anaerobic biomass is used to speed up reactions
and boost yields [21]. The findings demonstrate that the supple-
mentation of ammonium sources enhances the bioactivity of
microorganisms that produce methane and hydrogen in
mesophilic environments.

TABLE-1 
BATCH CULTURE OF HYDROGEN AND METHANE UTILIZING DIVERSE SEED INOCULUM AND NITROGEN SOURCES 

H2 synthesis CH4 formation 
Sludge Ultimate 

pH 
H2 (mL) HPRmax 

(L/L-d) 
HY 

(L/gCOD) 
TVFA (mg 

COD/L) 
Ultimate 

pH 
CH4 (mL) MPRmax 

(L/L-d) 
MY 

(L/gCOD) 
NH4Cl source of nitrogen         
Cow waste 4.7 32 0.39 1.36 1905 7.13 66 1.28 0.33 
Sewage sludge 1 4.8 33 0.32 1.41 2009 7.18 60 0.93 0.31 
Sewage sludge 2 4.5 31 0.42 1.32 1971 7.25 56 0.95 0.25 
Urea nitrogen source         
Cow waste 6.4 20 0.37 1.36 1455 7.26 57 1.27 0.32 
Sewage sludge 1 6.2 18.2 0.77 0.70 1309 7.38 59 1.60 0.25 
Sewage sludge2 6.3 17.8 0.62 0.66 1516 7.34 56 1.67 0.31 
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H2 and CH4 generation in a continuous system

Effectiveness of methane and hydrogen generation:
Anaerobic digestion hypothesis posits that the process can be
separated into four parts, with acidogenesis as the second phase
and methanogenesis as the third phase, both producing
biohydrogen [22]. The ideal operational conditions for each
step are inimical to one another because of the variations in
micro-bial requirements [23]. With sugars being the chosen
major carbon source for anaerobic bacteria like Clostridium
spp., Enterobacter spp., Thermoanaerobacterium spp., etc. the
optimum pH during acidogenesis was typically between 5.3
and 6.4 [24]. On the other hand, methanogenesis typically
occurs at a pH of around 7, with archaea playing a significant
role and feeding on simple organic acids such as acetic acid
[25]. Therefore, from the standpoint of process optimization,
it makes sense to split these two processes into two different
pots, with the VFA-rich waste from the preliminary container
acting as input for the subsequent container [26].

The production of methane and hydrogen at different HRTs
throughout the double-stage anaerobic digestion system is shown
in Table-2. The hydrogen digester’s HRTs were gradually
decreased from 12 to 2 h, while the digester’s HRT was kept at
24 h. As a result of reducing the HRT for the hydrogen digester
from 12 to 2 h, rates of generating methane and hydrogen were
greatly improved. The hydrogen production rate (HPR) was zero
during HRT 12 h (run 1) but increased to 115 42 mL/L-d during
HRT 2 h (run 4). From 0.74 0.46% in Run 2 to 9.8 8.9% in run
3 and 46.0 14.0 in run 4, the biogas’ hydrogen concentration
increased. In contrast to the findings of other studies that have
been reported, the HPR value in this experiment was rather low.

Though the hydrogen yield (HY) value was higher than
some of the data that had previously been published, such as
the HY of 3.21 mmol/g COD from cheese-processing effluent
at 7.0 g COD/L, HRT 24 h in a continuous stirred tank reactor
[27], the HY value was still lower than some of the data. The
use of mild-strength manufacturing substrate provided this
unpredicted detection in the HY and HPR profiles of HRT
changes. Mild-strength effluent causes a milder organic loading
rate (OLR) during extended hydraulic retention time. When
given simple sugar-rich wastes like glucose, sucrose, starch and
others, the majority of known hydrogen-producing microbes
may utilize substrate at a high OLR and high HPR [28]. Complex
saccharide containing high-strength wastewater, such as palm

oil mill effluent (POME), is also frequently found to have an
ideal HRT greater than 6 h [29].

The mild organic loading rate at a longer hydraulic retention
time (H2 generation run 1) may have caused a rapid depletion
of sugars lower than the necessary level to support hydrogen
generating microbes, ultimately depleting the microorganisms
that could have aided in the progression of anaerobic digestion
from the second to the third and/or fourth stages. Acetogens,
which are the microbes in charge of methanogens and the third
phase of anaerobic digestion, which produce methane, are
expected to flourish in microorganism voids created by the
disappearance of bacteria that produce hydrogen. Due to the
considerable acetate accumulation (Table-2) in run 1, the hypo-
thesis of acetogens blooming was created. The presence of
methane in run 1 and the mild hydrogen proportion indicate
that methanogens have been activated. Additionally, methano-
gens have been demonstrated to be able to use hydrogen as a
fuel while still creating methane [30]. Consequently, run 1
(mild OLR with extended HRT) effectively revives the effective-
ness of single-pot anaerobic digestion.

Eventually, lower HRT increases OLR, but it also increases
substrate flow rate, which has an impact on the concentration
of volatile suspended solids (VSS) as observed in Table-2. The
majority of studies show that VSS concentration peaks at the
right HRT. But in present case, the VSS was consistently decli-
ning relative to the HRT decrement. The loss of VSS was rather
substantial while the suspended cell was being used in the
hydrogen digester at HRT for 4 h (data not shown). Extreme
VSS loss is referred described as “cell wash-out” [16]. Finally,
the digester failed due to insufficient VSS maintenance. In this
system, bacterial immobilization was applied to deal with this
problem. The identical digester was restarted after being (at
HRT 4 h) seeded with an immobilized hydrogen producer.
When suspended cells continuously create biohydrogen under
milder HRT operation, immobilization techniques can be used
to combat the theory of cell loss [17]. The change in approach
worked since the HY and HPR improved following microbial
immobilization. In connection with the shift in HRT, immobili-
zation also altered the VSS accumulation pattern. In this study,
it was found that for the suspended system, the VSS decreased
concurrently with the HRT. However, this tendency was
countered by the immobilized mechanism. The highest HPR
and HY were recorded during a 2 h HRT (run 4) that used an
immobilized hydrogen producer.

TABLE-2 
PERFORMANCE OF BIOHYDROGEN AND METHANE SYNTHESIS 

Period of 
cultivation 

 HRT 
(h) 

Biogas 
(mL/Ld) 

Hydrogen 
(%) 

Methane 
(%) 

VSS 
(mg/L) 

HPR 
(mL/Ld) 

HY (mL/g 
COD) 

MPR 
(mL/Ld) 

MY (mL/g 
COD) 

Run 1 H2 12a 28 ± 24c 0.1 ± 0.1 28.0 ± 3 1749 ± 323 0.03 ± 0.02 0.5 ± 0.1 – – 
 CH4 24 10 ± 1 N. D 64.0 ± 3.0 1500 ± 364 – – 3.6 ± 0.3 4.6 ± 0.4 

Run 2 H2 8a 135 ± 15 0.6 ± 0.5 4.5 ± 3.0 943 ± 393 1.0 ± 0.99 1.2 ± 0.7 – – 
 CH4 24 159 ± 80 0.1 ± 0.0 64.0 ± 2.0 926 ± 260 – – 71.0 ± 31.0 57.0 ± 12.0 

Run 3 H2 4b 361 ± 10 9.6 ± 8.9 N. D 671 ± 277 3.10 ± 0.7 17.0 ± 17.0 – – 
 CH4 24 19 ± 7 6.7 ± 11.0 25.0 ± 11.0 882 ± 302 – – 2.3 ± 0.7 7.0 ± 2.0 

Run 4 H2 2b 249 ± 21 45.0 ± 14.0 3.5 ± 0.9 943 ± 318 114.00 ± 42 171.0 ± 65.0 – – 
 CH4 24 10 ± 2 5.7 ± 4.0 2.1 ± 1.8 800 ± 233 – – 0.1 ± 0.1 0.6 ± 0.2 

aSystem of suspended cell; bSystem of immobilized cell; cn ≥ 3 
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To have a clear understanding of the impact of changing
the HRT on the H2 digester, the hydraulic retention time of
the methane digester was maintained fixed for 24 h. The maximal
MPR and MY for run 2 were 71 ± 30 mL/L-d and 57 ± 11 mL/g
COD, respectively (hydrogen digester HRT at 8 h). This was
caused by a higher methane content and quicker biogas develop-
ment. The MPR and MY results on the other trials were awful.
Thus, it is proposed that the effluent at 8 h HRT may be parti-
cularly advantageous to methanogens in the methane digester.

Efficiency of contaminant removal and soluble meta-
bolic products: COD removal using a double-stage anaerobic
approach is shown in Fig. 1a. For all runs, the COD reduction
in the hydrogen digester was about 30%. Similar COD removal
rates in the H2 reactor were reported in other literature sources.
Bacteria that generate hydrogen (SMP) transform creating
soluble metabolite products from carbohydrates. Typically,
SMP is made up of a combination of organic acids and organic
solvents. The microbial community and digester operating
settings have a significant impact on the composition of SMP
[30]. As a result, changes in HRT during hydrogen fermentation
had no appreciable impact on the elimination of COD. The COD
elimination process in the methane digester was also found to
be higher when the H2 digester was run at lengthier HRT (12 h
and 8 h), despite being milder at longer HRT (run 3 and 4).
The biggest COD reduction was observed in run 1. As a result,
the two-stage anaerobic digester’s total COD removal trend
and the methane digester’s COD removal trend eventually
matched up.

Fig. 1b reveals the two-stage anaerobic system’s entire
sugar utilization. Typically, the hydrogen digester consumed
70% or more of the original sugar. Run 4 had the highest overall
sugar consumption (98%). The hydrogen digester uses sugar
far more efficiently overall than the methane digester does across
all runs. As a result, the entire two-stage sugar consumption
process follows a similar pattern to the hydrogen digester. The
higher concentration of soluble metabolic products in the

hydrogen digester in Table-3 shows that the longer HRT can
have a better hydrolysis rate. The COD removal in the double-
stage anaerobic system obtained 91% for mild-strength waste-
water treatment at 35 ºC, which may be lowered by the drop
in temperature. With a reduced feedstock content or a cellulosic
substrate, the results were comparable to previous work [30],
suggesting that acetate would be the primary SMP.

According to the results, a longer HRT increases hydrolysis
efficiency during the acidogenesis stage and a lengthier hydraulic
retention time is also needed in the methanogenic phase to
maximize biogas generation in a double-stage anaerobic
system. It should be observed that the overall COD removal
trend matched the tendency for COD elimination in the CH4

digester, but the total sugar utilization trend matched the
tendency in total sugar consumption in the hydrogen digester.
This study indirectly focuses on the diversity of the microbial
population and the selection of carbon sources for metabolism.
Sugar-eating bacteria dominated the hydrogen digester while
archaea, which were in charge of removing COD, controlled
the methane digester. The dynamic microbial community of
the two-stage anaerobic system aligned with much of the
existing research in the literature [29].

Potential energy and reduced CO2 emissions for a large
scale system simulation: During dark wastewater fermentation,
the culture temperature affects the net energy gain. As shown
in Table-4, the majority of dark fermentation experiments
reported HY and MY based on the amount of biohydrogen and
biomethane that is produced for each mole of feedstock used.
Since mild-strength wastewater was frequently deemed inade-
quate for two-stage biogas fermentation, high-strength waste-
water was used in the majority of the published investigations
[9]. The HY achieved for an immobilized process at 2 h retention
time was consistent with many previously reported investiga-
tions, while the MY obtained across all HRTs was significantly
milder. When compared to other forms of typical wastewater,
it was mostly for the reduced total COD concentration that
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Fig. 1. Removal of COD (a) and total sugar consumption (b) for the double-stage anaerobic system

TABLE-3 
IN THE CONTINUOUS DOUBLE-STAGE ANAEROBIC SYSTEM, SOLUBLE METABOLIC PRODUCTS 

Ethanol Acetate Propionate Butyrate Valerate TVFA SMP Period of 
cultivation HRT (h) 

(mg COD/L) 
Run 1 12 143 ± 111 1106 ± 444 423 ± 253 398 ± 278 16 ± 7 1187 ± 964 2715 ± 416 
Run 2 8 N.D. 230 ± 64 33 ± 10 96 ± 66 4 ± 2 367 ± 95 365 ± 95 
Run 3 4 N.D. 310 ± 113 66 ± 51 26 ± 23 6 ± 2 409 ± 163 409 ± 163 
Run 4 2 N.D. 346 ± 84 68 ± 28 46 ± 15 5 ± 4 468 ± 115 469 ± 115 
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was readily available. Furthermore, high-strength wastewater
is often operated at longer HRT for both biohydrogen and bio-
methane, increasing the production of HY and MY.

The yields given above can be used in the following
equation [27] to get the aforementioned net energy gain:

p

8
H H M M c f a

N

CkV(Y LHV Y LHV ) 10 V (T T )
E

VC

−
ρω× + × × − −

=  (2)

where k is the COD equivalent of the wastewater feedstock (g
feedstock/g COD), YH and YM are the H2 and CH4 generation
rates (mL/g COD effluent), C is the substrate level (g COD/
L), V is the reactor liquid volume (L) and LHVM and LHVH
represent the mildest methane (50,000 kJ/kg) and heating
values of hydrogen (120,000 kJ/kg). Water has a density of
1 kg/L (specific heat of 4.2 kJ/kg K) at 35 ºC for fermentation
(Tf). For our calculation, Ta was fixed to the usual ambient
temperature of 25 ºC.

The net energy gain for each run was summarized in Table-5.
It appears that more energy was consumed throughout the
process in numerous instances where the net energy gain was
negative. The milder initial COD level of industrial effluent
was primarily to blame for this undesirable result. As a result,
MY and HY significantly drop and run 3 yielded the highest
MY ever seen, 57, which was only a small portion of the 350
mL/g COD maximum theoretical MY. Although the majority
of MY for high-strength wastewater documented varies between
180 and 320 mL/g COD [25]. An ideal two-stage biohydrogen

TABLE-4 
COMPARING THE TWO-STAGE FERMENTATION METHOD TO EARLIER RESEARCH 

Source  Digester HRT (h) Run temp. 
(°C) 

HY 
(mL/gCOD) 

MY 
(mL/gCOD) 

Ref. 

H2 ASBR 47 54 210.0 – [26] POME 
CH4 UASB 360 37 – 315.0  
H2 UASB 48 55 215.0  [27] POME 

CH4 CSTR 120 37  320.0  
H2 UASB 36 55 63.0 – [28] Skim Latex 

CH4 UASB 192 55 – 179.4  
H2 CSTR 72 37 88.0 – [29] Sugar cane syrup 

CH4 UASB 72 30 – 271.4  
H2 UASB 8a 25 1.3 ± 0.7 – This study Mild-strength  

industrial wastewater CH4 UASB 24 25 – 58.0 ± 12.0  
H2 UASB 2b 25 172.0 ± 65.0 – This study Mild-strength  

industrial wastewater CH4 UASB 24 25 – 0.7 ± 0.2  
aSystem of suspended cell; bSystem of immobilized cell: ASBR, UASB, CSTR 
 

and biomethane system can result in more positive energy gain
by increasing the initial COD [24]. Even though there was a
negative net energy gain, this method is still better than addi-
tional techniques for treating wastewater that do not recover
biogas in terms of overall energy use. By integrating moderate
wastewater treatment with another type of renewable energy
source, this negative energy gain could be balanced.

Table-5 outlines two options for reducing CO2 emissions
and energy potential if this system were to be used to treat
industrial wastewater with a 1000 CMD capacity. A peak MPR
of 0.072 L/L-d at HRT 24 h and an HPR of 0.001 L/L-d at
retention time 8 h were used for case 1 to compute annual biogas
output. The combined heating value of the 116 m3 of hydrogen
and 2.4 × 104 m3 of methane produced each year is 2.2 × 108
kcal/y. By substituting hydrogen and methane for coal, natural
gas and petrol, CO2 emissions might be reduced from 5.2 ×
104 to 8.8 × 104 kg CO2/y (Table-6). In case 2, a mild-strength
industrial effluent (1000 CMD) with a maximal HPR of 0.115
L/L-d at HRT 2 h and an MPR of 0.0001 L/L-d at HRT 24 h,
could generate 32 m3 of CH4 and 3794 m3 of H2 every year.

Case 2 might decrease CO2 emissions by 4706, 2797 and
3855 kg CO2/y, correspondingly, by using natural gas, coal and
petrol instead of the three fuels as listed in Table-6. According
to research, it is possible to generate biogas energy by using
mild strength industrial wastewater. The recommended reten-
tion times for methane and hydrogen digesters might be 8 h
and 24 h, respectively.

TABLE-5 
GAIN IN NET ENERGY IN THE CONTINUOUS DOUBLE-STAGE PROCESS 

Cultivation 
period 

 HRT (h) HPR (mL/L-d) HY (mL/g COD) MPR (mL/L-d) MY (mL/g COD) Gain in net energy 
(kJ/g COD) 

H2 12a 0.03 ± 0.02 0.5 ± 0.1 – – -14.2 Run 1 
CH4 24 – – 3.6 ± 0.3 4.6 ± 0.4  
H2 8a 1.0 ± 0.99 1.2 ± 0.7 – – -12.5 Run 2 

CH4 24 – – 72.0 ± 31.0 58.0 ± 12.0  
H2 4b 3.20 ± 0.7 18.0 ± 17.0 – – -14.0 Run 3 

CH4 24 – – 2.3 ± 0.7 7.0 ± 2.0  
H2 2b 114.00 ± 42 171.0 ± 65.0 – – -12.7 Run 4 

CH4 24 – – 0.1 ± 0.1 0.6 ± 0.2  
aSystem of suspended cell; bSystem of immobilized cell 
 

[26]

[27]

[28]

[29]

940  Siddique et al. Asian J. Chem.



Diverse nitrogen sources yield different types of
nitrogen: Ammonia is a vital ingredient for bacterial growth
during anaerobic digestion, although it can hinder methano-
genesis if present in large doses. The biological breakdown of
nitrogenous materials produces ammonia. Ammonium ions
(NH4

+) and free ammonia (NH3) are the two main forms of inor-
ganic nitrogen that contain ammonia. An anaerobic digestion
system may experience inhibition from either type directly or
indirectly. Free ammonia (FAN), when present in excess amounts,
was a strong inhibitor of the anaerobic system. Features of the
anaerobically digestible substrate, pH and process temperature
(thermophilic or mesophilic) are all directly related to how
the anaerobic digestion process is inhibited [22]. Methane
production rate (MPR) that are milder could signify ammonia-
nitrogen concentration inhibition during the anaerobic digestion
process. The methane reactor operating at NH3-N 3 ± 2.2 g/L
produced the greatest MPR ever recorded, 72 mL/L/d. While
some have hypothesized that TAN concentrations as high as
1500-7000 mg/L can lead to AD instability, others have found
that concentrations 1700-1800 mg/L were completely suppr-
essive when combined with an unacclimated inoculum [19].
This broad range of inhibitory ammonia concentrations was most
likely caused by changes to the substrates, inoculums, ambient
factors (temperature, pH) and acclimation durations [20]. In
contrast, municipal wastes were degraded in pilot digesters with
steady increments in total ammonia nitrogen (TAN) concentra-
tions from 800 to 6900 mg/L, at a pH of 7.9 and at a level of
3300 mg TAN/L [21].

Since free ammonia can cross cell membranes, its concen-
tration was originally believed to be the main factor leading to
methanogenic microflora; hence, the inhibition of anaerobic
digestion should be correlated with both the TAN concentration
and the free ammonia level. They also showed that at pH 7 and
35 ºC in an anaerobic digester, whereas at the same temperature
but pH 8, the free ammonia climbs to 9%, the free ammonia
signifies lower than 1% of total ammonia [22]. The three
variables TAN, pH and temperature are the main determinants
of the free ammonia concentration. Especially when the FAN
concentration was greater than 1000-1200 mg/L (6000 mg
NH4-N/L) at 38 ºC and 8.1 pH, ammonia inhibition was observed
when digesting the abattoir wastes [23].

Optimizing the C to N proportion of the substrate by com-
bining effluent streams for digestion is one of the many ammonia
inhibitor management strategies and it’s also likely the most
practical and affordable. By modifying the feedstock’s C:N
ratio, the overall ammonia level of the anaerobic system may
be managed. By adjusting the C to N proportions, ammonia
accumulations in anaerobic systems are prevented. Carbon-
rich substrates are used to increase COD and hence widen the
COD: TKN ratio [24]. It is essential to achieve an ideal biogas
generation while balancing a sufficient food supply and ammonia
inhibition and numerous works have described several different
C to N proportions. The effects of C:N ratios between 3.2 and
30 on the elimination of ammonia, in particular for waste from
the fleshing of leather [25]. They found that anaerobic digestion
of wastes from the leather industry yielded more cumulative
biogas and a higher free ammonia concentration (817 mg/L)
at pH 6.5, reducing the level of NH3 emitted while digestion
by 79% in comparison to raw leather fleshing waste with a pH
as high as 11.3 pH.

Conclusion

A continuous operating strategy for the treatment of mild-
strength industrial wastewater in double-stage anaerobic dige-
sters with an immobilized hydrogen generator and methane
generator was highlighted in this work. By using an immobilized
hydrogen generator for a short hydraulic retention time (HRT)
of about a couple of h, hydrogen generation may be boosted.
When the hydrogen-sand methane digesters were grown for,
respectively, 8 and 24 h of hydraulic retention time, for a comm-
ercial scale operation, the highest heating value from hydrogen
and methane generation would be realized. An additional
advantage is that this results in lower levels of carbon dioxide
emissions.
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TABLE-6 
POTENTIAL ENERGY AND CO2 EMISSIONS 

Items Case 1 Case 2 
Mild-strength industrial wastewater (CMD)  1000 1000 
Power of the reactor Hydrogen digester (m3) 331 82 
 Methane digester (m3) 1000 1000 
Hydraulic retention time Hydrogen digester (h) 7 2 
 Methane digester (h) 22 23 
Rate of biogas production Hydrogen digester (L/L-d) 0.001 0.115 
 Methane digester (L/L-d) 0.071 0.0001 
Output of annual biogas H2 digester (m3/y)a 115 3794 
 CH4 digester (m3/y) 23760 32 
Combined heating value (kcal/y)b 221, 551, 115 11, 906, 960 
Reduction of CO2 emissions Replacing coal (kg CO2/y) 87565 4705 
 Replacing natural gas (kg CO2/y) 52017 2795 
 Replacing fuel (kg CO2/y) 71748 3857 
aRun day: 330 d; bH2 heating value 3.4 × 104 kcal/kg and CH4 heating value 1.3 × 104 kcal/kg 
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