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Abstract
Biohydrogen produced from cellulosic feedstock is a promising candidate for future energy needs as a renewable energy carrier.
The thermochemical route and biological processes have great potential for biohydrogen production. In particular, pyrolysis/
gasification and dark fermentation are the methods to enhance the biohydrogen production from cellulose. The review compiles
the essential information on both processes, including pretreatment of cellulose since it has a complex structure. The operating
conditions for both processes, for example, the influence of cellulose pyrolysis/gasification such as temperature, heating rate, and
vapor residence time, while for dark fermentation, including the temperature, inoculum source, hydraulic retention time, and pH,
are discussed. The bioreactor configurations and economic aspects of both processes are also discussed. The review aims are to
present the current state of knowledge about the two processes using cellulose as substrates. Surprisingly, dark fermentation is a
promising method for application of cellulose for biohydrogen production since many works were done on dark fermentation
compared to pyrolysis/gasification. The future perspectives on enhancing hydrogen production from cellulose have also been
discussed.
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1 Introduction

The rapid depletion and diminishing of fossil fuels’ supply
and their adverse impact on the environment is currently a
problem for modern society [1]. Therefore, many studies fo-
cused on the development of existing and new processes that
use lignocellulosic biomass (LB) as feedstock to reduce the
current energy dependence on fossil fuels [2]. Several thermo-
chemical or biochemical processes can treat this LB to pro-
duce energy, biofuels, and biochemicals [3]. As known,
biofuels including biodiesel, bioethanol, and biohydrogen as

potential green alternatives have also been considered for sub-
stitute conventional fossil fuels.

The global hydrogen (H2) production accounts for approx-
imately 7.7 EJ/year, which may rise to 10 EJ/year by 2050 [3].
Besides, the H2 market is expected to increase by about 5–
10% per year, basically due to its consumption in treating
heavy oil fractions. H2 is a clean energy carrier with the
highest energy content of 142.0 kJ/g, which is 2.75-fold more
than that of the conventional fuels [3]. H2 combustion is pol-
lution-free, as only water is formed as the fuel component. H2

can also be used directly to produce electricity in an internal
combustion engine and fuel cell and act as an intermediate for
converting liquid fuel such as methanol, ethanol, and gasoline
[4].

The developed technologies for the H2 production are ther-
mochemical routes (gasification, liquefaction, and pyrolysis)
and biological processes (enzymatic, anaerobic dark fermen-
tation, microbial/electrolysis and photo biological such as
light fermentation, direct photolysis, and indirect photolysis)
[5]. Thermochemical routes are faster than biological ones,
which provide higher stoichiometric H2 yield using pyrolysis
and gasification method [6]. However, biological routes are
more environmentally friendly and less energy-intensive since
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they are proficient under mild conditions [7]. In terms of H2

production cost, it has been reported that the cost of both
processes is three times higher than the cost of the existing
method, methane steam reforming. However, both processes
have recently gained attention, with several studies published
in the literature over the last years. In addition, a quick search
of the available literature also reveals that there are very many
different types of original research works and reviews over the
use of biomass for the production of H2 by using both
processes.

As mentioned previously, LB is the most suitable sub-
strate for H2 production due to the high glucose content in
monomer form [2]. LB consists of three components
which are cellulose (a linear glucose polymer), hemicel-
lulose (a heteropolymer consisting of C5 and C6 sugars),
and lignin (an aromatic macromolecule) [1, 2]. Cellulose
in LB can be saccharified to form glucose, which can be
fermented to several of biofuels, while hemicellulose is
mainly composed of pentose, which rarely ferments to
alcohols. Thus, the acid pretreatment must be done for
hemicellulose solubilization in order to produce H2 since
the pretreatment gave the higher xylose content and a
small amount of glucose. This pretreatment gave the max-
imum production of 1.75 mmol H2. However, xylose con-
tains toxic compounds that inhibit cell growth and glyco-
lytic enzymes and interfere with fermentative H2 produc-
tion, thus hindering the hemicellulose as a suitable feed-
stock for H2 production. For lignin, its steric hindrance
limits the enzymes’ access, which reduces the H2 produc-
tivity yields. Among them, the cellulose-rich organic sub-
strate has intensively attracted as suitable feedstock for H2

production. In order to access cellulose, pretreatment of
LB was needed to degrade hemicellulose and lignin,
thereby facilitating cellulose hydrolysis [8]. Various pre-
treatment techniques, physical, chemical, and biological,
have been developed to improve enzyme pathways for
cellulosic hydrolysis [6].

In order to enhance H2 production, most researchers
focused on the use of pure or single cellulose instead of
cellulose derived from pretreatment of biomass. It was
the additional pretreatment of cellulose which lowered
the yield of H2 [9]. Thus, in this review, we briefly
explain the reason for the usage of a single component
of cellulose. To date, most previous reviews centered
solely on biomass as a feedstock for H2 production, but
not specifically on the most abundant source of cellulose.
To the best of our knowledge, the review of cellulose
used for H2 production is still scanty. In this review,
recent results and some research trends on H2 production
from cellulose by pyrolysis and dark fermentation are
discussed. The effect of operating conditions and reactor
configuration for both technologies toward H2 production
was also discussed.

2 Cellulose resources for biohydrogen
production

LB was considered a potential feedstock for biofuel produc-
tion including biohydrogen, methane and ethanol because it is
plentiful, renewable, and readily available [10]. This biomass
is the fibrous material that forms the cell walls and consists of
three basic polymers, which are 40%wt cellulose [C6H10O5]x,
25% wt hemicelluloses such as xylan [C5H8O4]x, and 20% wt
lignin (20% wt [C9H10O3 (OCH3)0.9–1.7]x (Fig. 1). The re-
maining 15% are minor components with a small amount of
inorganic compounds, commonly known as ash and extrac-
tives [11].

As shown in Table 1, Wu et al. reported the LB compo-
nents’ effect on H2 production from the pyrolysis and gasifi-
cation process [9]. They found that in the absence of steam
and catalyst, cellulose produces the largest amount of H2

(5.8 mmol H2 g
−1 sample), of which only 1.8 mmol H2 g

−1

sample was attained for lignin. The addition of the Ni-based
catalyst significantly increased the gas yield, particularly for
H2 production from cellulose pyrolysis and gasification
(22.2 mmol H2 g

−1 sample). In addition, the highest carbon
monoxide (CO) concentration was found for cellulose pyrol-
ysis and gasification. It is maybe due to the abundance of C–O
compounds in the cellulose.

Compared to the pyrolysis and gasification process, numer-
ous studies have been carried out on the fermentation process
of LB for the production of H2 [17]. Since LB has a complex
structure, its utilization lowered the H2 production due to its
recalcitrance [18]. Therefore, the pretreatment step was need-
ed to enhance the H2 production by extracting a single com-
ponent from LB. Table 1 shows the H2 production from the
different feedstock or single component from LB under batch
reactor type.

Prakasham et al. reported all bmr derivatives with lower
lignin content produced higher levels of H2 (0.25 mmol) com-
pared to source bmr 3, which has more lignin content [12].
These results demonstrated that the higher recalcitrant lignin is
a significant barrier in biofuel, particularly H2 production. The
presence of lignin reduces productivity H2 yields in further

Fig. 1 Major biomass components
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fermentation due to the lignin degradation and interaction of
producedmonomeric carbohydrates, which are toxic to micro-
bial growth [19]. Therefore, the removal of lignin from LB is
imperative before conversion into biofuels by fermentation.

For hemicellulose, De Sa et al. derived the hemicellu-
lose fractions by acid pretreatment for H2 production via
anaerobic fermentation [13]. In fact, acid treatment can
extract hemicelluloses, remove lignin, reduce cellulose
crystallinity, and increase its surface area. The acid-
pretreated samples presented a higher xylose content,
which resulted in a maximum production of 1.75 mmol
H2. Similarly, Baeta et al. reported that anaerobic diges-
tion of the hemicellulose hydrolysate, which was derived
from autohydrolysis (AH) pretreatment, gave the maxi-
mum production of 1.76 mmol H2 [14]. However, the
AH pretreatment requires high energy and forms hemicel-
lulose with rich fermentable C5 sugars such as xylose.
These sugars contain toxic compounds, which inhibit the
growth of microorganisms, limiting the use of the hemi-
cellulose [20].

Besides lignin and hemicellulose, cellulose in LB can be
saccharified to obtain glucose, which can be fermented to
many kinds of biofuels including bio-ethanol and bio-H2.
Saratale et al. reported that the maximum cumulative H2 pro-
duction was 2.63 mmol H2 using the cellulose under solid-
state fermentation [15]. This process directly uses the crude
fermented product as an enzyme source, reducing the produc-
tion cost in terms of low energy requirement and high product
yield [21]. Ratti et al. also investigated the H2 production from
cellulose using rumen fluid as the inoculum and gave the
maximum production of 18.5 mmol H2 [16]. They found that
H2 was produced from cellulose primarily through the fermen-
tation of butyric acid, a route typical ofClostridium species. In
addition, increasing the cellulose concentration favored
solvetogenesis and gave the lower H2 yield.

Considering the maximum of bio-H2 production among
the LB components, cellulose is the promising feedstock
for bio-H2 production. Therefore, this review is more fo-
cused on the utilization of cellulose for bio-H2 production.

Cellulose is a six-carbon ring or pyranose with a higher
molecular polymer composed of glucose units bonded by
-1, 4-glycosidic linkages (Fig. 2) [1, 22]. The three hy-
droxyl groups in each pyranose ring can interact with one
another forming intra- and intermolecular hydrogen bonds
that give cellulose a crystalline structure and its unique
properties of mechanical strength and chemical stability.
In addition, the majority of cellulose is well-formed and
crystalline of nature and only has small amount of amor-
phous structure [23].

For degradation, amorphous cellulose is preferred over
crystalline cellulose because crystallinity makes degrada-
tion difficult. The bonds in cellulose molecules are H2 and
covalent with van der Waals force [24]. The H2 bonding
present in cellulose involves inter- and intramolecular H2

bonds, which makes cellulose rigid in nature. This rigid
form of cellulose opposes and demonstrates resistance to
any solubilization in an organic solvent, chemical attack,
and deconstruction [25].

Fig. 2 Structure of cellulose

Table 1 Biohydrogen production
from different feedstocks under
the batch reactor type

Feedstock Temperature

(°C)

Method Biohydrogen yield

(mmol)

Ref

Cellulose 300 Pyrolysis 22.2 [9]
Hemicellulose 17.5

Lignin 19.4

Lignin 37 Fermentation 0.25 [12]

Hemicellulose 35 Fermentation 1.75 [13]

Hemicellulose 35 Anaerobic digestion 1.76 [14]

Cellulose 30 Fermentation 2.63 [15]

Cellulose 37 Fermentation 18.5 [16]
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3 Technologies for biohydrogen production
from cellulose

Cellulose as a renewable energy source represents an alterna-
tive to conventional methods for H2 production. The methods
used for H2 production from cellulose can be divided into two
main groups as shown in Fig. 3, which are thermochemical
(gasification, liquefaction, and pyrolysis) and biological
routes (enzymatic, anaerobic dark fermentation, microbial/
electrolysis, and photo biological such as light fermentation,
direct photolysis, and indirect photolysis) [11]. The existing
methods of H2 production, like combustion and catalytic
hydrotreatment, have also been known as potential methods;
however, these processes have disadvantages, including con-
taminated feedstock, higher energy, catalyst deactivation, and
formation of tar and char [26].

3.1 Biological process

Biological H2 production processes are considered to be more
environmentally friendly and less energy-intensive compared
with thermochemical processes [27]. This process is an excit-
ing new field of technological development involving the me-
tabolism of microorganisms, which offers potential for H2

production from different renewable resources, especially cel-
lulose. This process involves several reactions such as direct
biophotolysis, indirect biophotolysis, and photofermentation,
which involve the presence of light, while dark fermentation is
light-independent (Fig. 4). Other than that, bioelectrolysis of
water and CO bioconversion are also the other biological pro-
cesses for H2 production [28].

For direct biophotolysis, water is converted to H2 and O2

by microalgae such as green algae and cyanobacteria in the
presence of light under anaerobic conditions [29]. The H2 and
oxygen activities are spatially segregated when using
cyanobacteria for H2 production under anaerobic conditions
[30]. Differently, under aerobic conditions, the cyanobacteria
will release the electron during water molecules splitting just
only for the reduction of carbon dioxide (CO2) but not for the
production of H2. Thus, this phenomenon will cause the ac-
tivity of the main enzyme (hydrogenase) decreases [31].

For indirect biophotolysis, there are two stages that involve
the reactions of H2 and O2 formation (2H2O→ 2H2 + O2).
Thus, for the second step, hydrogenesis reaction occurred
for H2 production and maintained the anaerobic conditions
[32]. However, this method has drawbacks including a low
process rate and high photobioreactor costs. In addition, it was
found that the yield of H2 is less than 10%when using indirect

Biohydrogen

Thermo-chemical

Biological

Pyrolysis

Gasification

Anaerobic

Microbial 

Electrolysis

Photo biological

Dark-fermentation

Enzymatic 

Light-fermentation

Direct photolysis

Indirect photolysis

Liquefaction

Fig. 3 Various routes for bio-H2 production

Fig. 4 Basic mechanisms of dark fermentation and direct and indirect
photolysis for bio-H2 production
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biophotolysis. Similarly, the production of H2 by direct
biophotolysis also gave a lower H2 yield [33].

A n o t h e r t y p e o f b i o l o g i c a l p r o c e s s i s
photofermentation, in which organic acids are the sub-
strate and converted into H2 and CO2 under anaerobic
conditions (Fig. 5). There are many anaerobic bacteria
strains used in this reaction such as Rhodospirillum,
Rhodopseudomonas, Rhodobacter, and Rhodobium [34].
Generally, the enzyme used in this process is nitroge-
nase, in which molecular nitrogen reduces the protons
to H2 in the presence of O2. In fact, O2 has inhibited
H2 production. Referring to the H2 production obtained
from previous research, the yield of H2 from fermenta-
tion is almost similar to that of biophotolysis [35].
Recently, most researchers often focused on the dark
fermentation, since H2 and CH4 are produced with al-
cohol and fatty acids. Both compounds can be the
source of electrons and H2 for sulfur-free photosynthetic
bacteria to minimize carbon dioxide and energy supply.
In order to increase the H2 yield, fermentation and pho-
to fermentation were combined into a two-step process
and is a promising technique [36].

The enzymatic biological route is a common route for
bio-H2 production. Majorly, two enzymes, hydrogenase
and nitrogenase, are predominantly involved in the pro-
duction of H2 (Fig. 6) [37]. The former enzymes known
as a metalloenzymes are involved in the oxidation of H2

into protons and electrons in the presence of a bimetallic
catalytic site, while nitrogenase evolves H2 during nitro-
gen fixation under anoxic conditions. It is primarily pres-
ent in archaea and bacteria; however, it is less efficient in
hydrogen production than hydrogenase. In fact, the en-
zymes improved the electron transfer efficiency, thus en-
hancing the bio-H2 production. Besides those enzymes,
pyruvate ferredoxin oxidoreductase, a key enzyme in-
volved in the degradation of pyruvate to reduced ferre-
doxin and acetyl-CoA, was also found to possess a sig-
nificant influence on bio-H2 production by transferring an

electron to the enzyme hydrogenase [32]. Initially, the
metal site was accelerating the electron transfer between
ferredoxin and hydrogenase, and then the generated elec-
trons were directed toward hydrogenase for the produc-
tion of H2.

For bioelectrolysis of water, electric energy was used to
convert organic compounds into H2. Meanwhile, microorgan-
isms act as a substrate that will oxidize at the anode and proton
movement to the cathode will produce the H2 (Fig. 7a) [37].
Similarly, most research regarding the microbial electrolysis
cells also performs a similar procedure (Fig. 7b) [38]. Last but
not least is the conversion of CO to CO2 and H2 produced in
the presence of Rubrivivax gelatinosus bacteria [39]. In addi-
tion, CO also can act as a substrate for H2 production, espe-
cially CO, which is derived from the gasification of biomass.

3.1.1 Dark fermentation

Researches toward a new potential method for the re-
generation of energy and environment remediation have
been attracted nowadays. Dark fermentation is a sustain-
able and cost-effective way to convert organic waste
into biogas like H2 and CH4. This process is a great
significance to produce H2 from readily available organ-
ic wastes. This process also is light-independent, and
many availabilities of carbon source can be used com-
pared to other biological processes. Both advantages can
enhance the rate of bio-H2 production as well as the
growth rate [40]. Additionally, there are two types of
anaerobic microorganisms, which are pure and mixed
cultures. The pure cultures are used like Clostridium,
Escherichia coli, and Enterobacter; meanwhile, the
mixed cultures include bovine manure, anaerobic sludge,
and organic compost [41]. Among them, the former cul-
tures have been preferred in the industry since the latter
cultures need sterilized surroundings to prevent contam-
ination, which is very costly [42].

The dark fermentation basically occurs via acetate-
mediated fermentative pathway for H2 production as shown
in the following equation [43]:

C6H12O6 þ 2H2O→4H2 þ CO2 þ 2CH3COOH ð1Þ

In this fermentation, anaerobic bacteria have converted
the substrate in the dark. The energy-rich H2 molecules
will consume the electrons from the oxidation of H2 to
produce energy. Meanwhile, the organism that has excess
electrons will reduce the protons to form H2 molecules.
There are two types of enzymes that involved in hydrogen
metabolism including [NiFe] and [FeFe]-hydrogenase.
The [Fe-Fe]-hydrogenase is more active in H2 production;
however, it is usually sensitive to oxygen. Meanwhile, theFig. 5 Basic mechanism of photofermentation for bio-H2 production
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[NiFe]- hydrogenase is primarily catalyzed by oxidation
of H2 [44]. Both enzymes catalyze the reversible reaction:

2Hþ þ 2e↔H2 ð2Þ

The pretreatment of cellulose is a decisive aspect in the H2

production via dark fermentation as the structure of cellulose
is so complex [45]. The requirement of this aspect is to break
the heteropolymeric structure of cellulose and, therefore, in-
duce the H2-producing microorganisms by increasing the mo-
nomeric sugars [46]. As shown in Fig. 8, there are many
products formed as a consequence of the breaking of the cel-
lulose structure. The breakdown of cellulose gave glucose, 5-
hydroxymethylfurfural (5-HMF), and cellobiose. According
to a previous study [47], the former product is more consumed
merely by microorganisms and then metabolized compared to
xylose. Other than that, 5-HMF inhibited H2-producing mi-
croorganisms in the dark fermentation, thus lowering the H2

production [48].
Recently, more researchers focused on the low operational

cost and low capital for the pretreatment process of cellulose

and gave the best recovery of cellulose [49]. There are many
pretreatment methods that have been established, including
physical (hydrothermolysis and steam explosion) and chemi-
cal (acid and base) [50]. The most commonly used chemicals
are sulfuric acid (H2SO4) and sodium hydroxide (NaOH),
respectively. Besides acid and base, solvents are also used
for pretreatment of cellulose because solvents can dissolve
cellulose by disrupting its structure and thus facilitating its
hydrolysis [51].

Among solvents used, ionic liquids (IL) have attracted
much interest as new chemical agents for cellulose pretreat-
ment due to their high cellulose dissolubility of up to 39%
with no derivatization [52]. In fact, IL have halide anions,
which can dissolve the cellulose by strongly disrupting the
H2 bonding of the polysaccharide network and facilitating its
dissolution [53]. Furthermore, this IL process is economical as
it prevents pollution and waste production and has higher
reusability.

Nguyen et al. enhanced the H2 production of Thermotoga
neapolitana from cellulose by non-derivating ionic liquid like
1-butyl-3-methylimidazolium chloride [C4mim]CI with N2

Fig. 7 Schematic of a bioelectrolysis with water and b two-chamber microbial electrolysis cell (adopted from [38])

Fig. 6 Basic mechanism of
enzymatic biological route for
bio-H2 production
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sparging, which gave a maximum cumulative H2 yield of
2.20 mol H2/mol glucose [54]. They found that N2 sparging
maintained the continuous H2 production, thus increasing the
H2 yield of T. neapolitana. They also pretreated the cellulose
with common acid (H2SO4) and alkali (NaOH), which gave
an H2 yield of 0.95 and 1.22 mol H2, respectively. When
compared with untreated cellulose, only 0.59 mol H2 was
produced. Similarly, Cui also reported that H2 production
from cellulose pretreated by acid and alkali was higher than
those from untreated cellulose [55]. In addition, Dadi et al.
also reported that H2 production was approximately 50-fold
higher for the regenerated cellulose as compared to untreated
cellulose by using [C4mim]Cl and Trichoderma reesei
(ATCC# 26799) [56]. Thus, it can be concluded that
pretreated cellulose enhanced H2 production. It was found that
pretreatment using [C4mim]Cl is more preferred since the
cellulose is more easily enzymatically hydrolyzed than using
the NaOH and H2SO4. Also, IL pretreatment offers environ-
mental toxication and a noncorrosive system [54]. However,
the high boiling points of IL face difficulties in product sepa-
ration and solvent recycling. Notably, the retail price of IL is
expensive compared to HCI and NaOH since it is a very new
chemical. Hence, the cost of the chemical also should be con-
sidered in order to enhance H2 production.

Besides the pretreatment of cellulose to enhance H2 pro-
duction, suitable additives or catalysts also can lower the con-
centration of the inhibitor and boost the microbial activity
[57]. For example, activated zeolite and carbon particles were
used as the main transporters in the microbial activity of fer-
mentation. Among them, carbonmaterials are more favored to
provide a good residence of their growth for anaerobic mi-
crobes to immobilize [58]. In order to absorb nutrients, the
interaction between bacteria and carbon materials may en-
courage syntrophic microbes and then convert them into more
biogas, particularly H2. Zhang et al. claimed that the addition
of Fe and Mn into activated carbon enhanced the H2

production by promoting direct interspecies electron transfer
[59]. The highest yield of H2 was 55.8% at 37 °C. Because of
its magnetism, this catalyst could be recycled by magnetic
separation after the bio-H2 process. However, it should be
mentioned that over-dosage of the catalyst caused toxicity to
H2-producing bacteria and lowered the activities of the bacte-
ria, thus restraining H2 production.

Recently, more researchers more focused on a combination
of heterogeneous catalysis with dark fermentation systems for
the production of bio-H2 [60]. In fact, a heterogeneous catalyst
can catalyze hydrolysis reactions of cellulose [61]. Table 2
shows the heterogeneous catalyst used in H2 production.
Guell et al. have shown a two-step combined system involv-
ing the hydrolyzing process of cellulose by the ZrO2 catalyst.
This catalyst was used to disrupt the structure of cellulose and
easily produce fermentable sugar, while this sugar was
fermented by using Enterobacter spH1, Citrobacter freundii
H3, and Ruminococcus albus DMS2045 to produce H2 [62].
Among the three microorganisms, the yield and production
rate of H2 was highest for Enterobacter spH1 (8.71 mol)
and C. freundii H3 (7.42 mol). It was found that the bacteria
R. albus was unable to produce the fermentable sugars due to
the formation of inhibitory compounds such as HMF and fur-
fural, which subsequently inhibited the production of H2 and
gave the lowest yield of H2 (4.63 mol).

Other than that, lately, Tondro et al. investigated the use of
a heterogeneous catalyst such as sulfonated graphene oxide
(SGO) for hydrolyzing the cellulose to produce H2 by
Enterobactor aerogens [63]. Generally, this SGO was pre-
pared via chemical exfoliation of graphite and then followed
by the sulfonation process [64]. Under optimized conditions,
the maximum hydrogen efficiency of 72.4 mL/g was
achieved, which was 2.2-fold higher than that of the pretreated
MCC substrate as a control in the absence of SGO. It has also
been observed that the superior behavior of SGO bearing
SO3H, COOH, and OH groups can be correlated with the
synergy of multilayered structure and functional groups that
provide good catalyst access for cellulose leading to success-
ful cellulose hydrolysis into β-1,4-glucan and glucose [65]. It
was concluded that solid acid catalysts with strong acid
strength are an effective method for the production of H2 as
well as having ease of separation and recyclability or
reusability.

3.1.2 Operating conditions

Basically, the H2 production process by dark fermentation is
incapable of using the initial substrate totally and this method is
not yet commercially feasible due to various processing modes
and different types of substrate [66]. Furthermore, this method
and its yield rely on various parameters such as temperature,
pH, inoculum, and hydraulic retention time (HRT) which are
deliberated below [67]. Table 3 displays the parameters used

Fig. 8 Pretreatment for cellulose
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(inoculum, temperature, pH, and HRT) for H2 production in
dark fermentation from cellulose. In general, the main source
of inoculum used in dark fermentation was a mixed culture.
Furthermore, recurring operating parameters are mesophilic
temperatures (around 37 °C) and pH close to 7. The HRT
results tend to be less studied than the temperature and pH.
The HRT has been commonly used for about 60 to 160 h.

There are various types of fermentative bacteria used to
produce bio-H2 such as obligate anaerobes (Clostridium), fac-
ultative anaerobes (Enterobacter, Escherichia coli,
Rhodopseudomonas, Citrobacter), and aerobic bacteria
(Bacillus) [41, 43]. The former bacteria require anaerobic con-
ditions. Basically, butyric and acetic acid fermentation was
involved by using these bacteria. In addition, the butyric acid
and acetic acid fermentation gave the different yield of H2

[41]. For example, the equation of the acetic and butyric acid
fermentation is as follows,

C6H12O6 þ 4H2O→2CH3COO
− þ 2HCO3

− þ 4H2 þ 4Hþ acetic acidð Þ
ð3Þ

C6H12O6 þ 2H2O→CH3CH2CH2COO
− þ 2HCO3

−

þ 2H2 þ 3Hþ butyric acidð Þ ð4Þ

Facultative anaerobes are species that generate ATP by
aerobic respiration when there is oxygen but may turn to fer-
mentation when there is no oxygen [79]. During dark fermen-
tation, its resistance to the use of oxygen enables its handling.
However, these microorganisms have been used in the pro-
duction of H2, and the H2 is produced by formic acid decom-
position, which reduces the development of H2 as opposed to
Clostridium [33].

Table 3 shows the usage of Clostridium bacteria for hydro-
lysis of cellulose. Taguchi et al. used Clostridium sp. for con-
tinuous H2 production by fermentation [68]. These bacteria
consumed 0.92 mmol/h of glucose and produced
4.10 mmol/h. Similarly, Clostridium sp. was used to produce
H2 (0.21 mmol H2) [69]. After that, Lo et al. studied the
cellulosic hydrolysates with Clostridium butyricum CGS5,
giving a maximum hydrogen yield of 4.79 mmol H2/g reduc-
ing sugar under continuous bioreactor via dark fermentation

Table 3 Inoculum source of the
different type of Clostridium
bacteria and operational
parameters of dark fermentative
biohydrogen production from
cellulose

Inoculum Temperature
(°C)

pH Reactor type Biohydrogen
yield

Ref

Clostridium sp. 36 4 Batch 4.10 mmol/h [68]

Clostridium sp. 30 7 Batch 0.21 mmol/g [69]

Clostridium butyricum CGS5 35 7 Batch 7.40 mmol/g [70]

Clostridium butyricum CGS5 37 7.5 Continuous
bioreactor

4.79 mmol/g [71]

Clostridium thermocellum 27405 n.a. n.a. Batch 1.60 mol [72]

Clostridium thermocellum 60 7 Batch 1.30 mol [73]

Clostridium thermocellum ATCC
27405

37 5 Batch 1.27 mmol [74]

Clostridium thermocellum 50 7 Batch 1.67 mol [75]

Clostridium acetobutylicum X9 37 5 Batch 3.50 mmol/g [76]

Clostridium acetobutylicum 37 5 Batch 2.30 mol [16]

Clostridium genus 38 7 Batch 50.0 mL/g [77]

Clostridium stercorarium subsp.
leptospartum

60 7.3 Batch 0.44 mol [78]

n.a is defined as not available

Table 2 Inoculum source and operational parameters of dark fermentative biohydrogen production from cellulose under different catalysts

Inoculum Catalyst Temperature (°C) pH Reactor type Biohydrogen yield Ref

Dewatered sewage sludge Mn/magnetic carbon 37 7 Batch 148 ml/g [59]

Enterobacter spH1 ZrO2 37 6.8 Batch 8.71 mol [62]
Citrobacter freundii H3 7.42 mol

Ruminococcus albus DMS20455 4.63 mol

Enterobacteraerogenes Sulfonated graphene oxide 37 7 Batch 72.4 ml/g [63]
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[70]. They also investigated the fermentative H2 production
from hydrolyzed cellulose under batch reaction using the
same bacteria. It was found that the bacteria displayed the
highest H2 production with H2 yield of 7.40 mmol/g as com-
pared with different feedstock (grass hydrolysate) [71]. It can
be concluded that H2 production was also dependent on the
type of feedstock used.

Clostridium thermocelum is a gram-positive, thermophilic
and anaerobic bacterium that degrades cellulose and carries
out product fermentation [80]. In fact, C. thermocelum ex-
hibits the highest rate of cellulose degradation. It was due to
the interaction of bacteria with cellulose particles via the
cellulosome, which is transported into the cell for metabolism
after degrading the cellulose into glucose and cellulodextrans
[81]. Levin et al. observed H2 production by C. thermocellum
27405 on the cellulose gave an average yield of H2 of
1.60 mol H2/mol glucose [72]. Islam et al. also claimed that
H2 yield of 1.30 mol H2/mol glucose was obtained during the
direct conversion of cellulose by Clostridium thermocellum
DSM 1237 [73].

Similarly, Magnusson et al. also investigated the H2 pro-
duction by C. thermocellum 27405 on both cellobiose and
cellulose, which gave the 1.27 mmol H2/glucose and
1.24 mmol H2/glucose [74]. It was found that there are no
changes when using cellobiose and cellulose as a substrate.
This result was also confirmed by the Lalaurette et al. study, in
which H2 production from cellobiose and cellulose by
Clostridium thermocellum was 1.67 mol H2/mol glucose and
1.64 mol H2/mol glucose, respectively [75]. Interestingly, by
combining fermentation and electrohydrogenesis, the H2 pro-
duction was enhanced to 9.95 mol H2/mol glucose using the
cellulose, and 8.31 mol H2/mol glucose was produced in the
second stage of the electrohydrogenesis. Thus, the two-stage
process is a promising approach for H2 production from the
more abundant and renewable cellulose. However, in terms of
cost, this process is more expensive compared to the single-
step dark fermentation process.

Besides Clostridium thermocellum, many researchers
also used another Clostridium-type bacteria, including
Clostridium acetobutylicum for hydrolyzed cellulose via
dark fermentat ion [82]. Ren et al . reported that
C. acetobutylicum underwent typical butyrate-type fermen-
tation metabolism, which gave the H2 yield of 3.5 mmol/g
[76]. Meanwhile, Ratti et al. reported the same bacteria,
which also produces acetic and butyric acid and gave
19.9 mmol H2. In order to promote the growth of those
bacteria, they have added biotin and p-aminobenzoic acid
and gave the H2 yield of 2.30 mol H2/mol glucose [16].
This phenomenon shows C. acetobutylicum required the
assisted chemical for growth development and formation
of cellobiase and cellulase and, thus, needed a longer time
for those processes.

Other than that, Chang et al. used many bacteria strains
such as Clostr idium xylanolyt icum , Clostr idium
papyrosolvens, Clostridium beijerinckii, Ruminococcus sp.,
Ethanoligenens harbinense, and Desulfovibrio desulfuricans
for H2 production [77]. Among them, the Clostridium genus
was shown as the dominant population in the system and
contributed to the bio-H2 production (50 mL/g). For enhanced
H2 production, Nissila et al. used C. stercorarium subsp.
Leptospartum, which is the main cellulose, degrades H2 in
the 60 °C cultivations, and gives 0.44 mol H2 [78]. This result
was obtained by heat treatment and with acetate and ethanol as
the main fermentation products.

Recently, mixed cultures are more preferred than pure cul-
tures since they have a low operational cost and are easy to
control [42]. In addition, they have the ability to degrade fur-
fural and 5-HMF since these compounds inhibited or lowered
the H2 production [83]. In the literature, there are many studies
using mixed cultures or co-culture with cellulose for H2 pro-
duction. Table 4 shows the mixed culture of bacteria used in
dark fermentation from cellulose for H2 production. Ueno
et al. reported that two bacteria, Clostridium butyricum and
Ruminococcus albus, were used for H2 production from cel-
lulose and produce high H2 (2.40 mol/mol-hexose) [84].
Wang et al. also used mixed bacteria such as Clostridium
acetobutylicum X9 and Ethanoigenens harbinense B49 for
bioaugmented H2 production from microcrystalline cellulose
[85]. The maximum H2 yield was 8.10 mmol H2 at pH 5 and
37 °C. The metabolites observed were acetate, ethanol, and
butyrate. In addition, the strain B49 rapidly removed reduced
sugar; meanwhile, X9 hydrolyzed the cellulose, hence syner-
gistically improving cellulose hydrolysis and subsequent H2

production rate. However, some anaerobic mixed cultures
cannot produce H2 as it is rapidly consumed.

Nowadays, robust microorganisms or thermophiles are
widely used for H2 production. Thermoanaerobacterium
thermosaccharolyticum is one of the thermorphile anaerobes
[93]. Liu et al. isolated Clostridium thermocellum JN4 and
T. thermosaccharolyticum GD17 from cellulosic [86]. They
found thatC. thermocellum JN4 can produce H2 by degrading
the cellulose; however, cellobiose and glucose produced can-
not utilize completely. The H2 yield was approximately
0.80 mol H2/(mol glucose). Interestingly, the H2 yield was
increased by twofold (1.80 mol H2/mol glucose) when
C . t h e rm o c e l l um JN 4 wa s c o - c u l t u r e d w i t h
T. thermosaccharolyticum GD17. Similarly, Nguyen et al. al-
so used Hyperthermophilic eubacterium and Thermotoga
neapolitana for H2 production from cellulose and gave
2.20 mol H2 [54].

Other co-cultures for H2 production from cellulose are
C l o s t r i d i um t h e rm o c e l l um a n d C l o s t r i d i um
thermopalmarium, Thermoanaerobacter and Clostridium
spp . , and Clos t r id ium ce l lu lovorans 743B and
Rhodopseudomonas palustris CGA009, which gave
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1387 mL/g, 2.14 mmol, and 0.40 mol H2, respectively
[87–89]. Lately, the higher H2 yield of about 1.92 mol H2/
mol hexose was attained from co-culture of Clostridium
termitidis and Clostridium beijerinckii [90]. Firstly, cellulose
was hydrolyzed by C. termitidis, and then C. beijerinckii was
responsible for increasing the H2 production. In another study,
Cellulomonas fimi and Rhodopseudomonas palustris attained
44.0 mmol H2, while Clostridium acetobutylicum X9 and
Ethanoigenens harbinense B2 gave the 10.4 mmol H2 from
cellulose [91, 92]. Thus, it can be concluded that co-culture
hydrolyzed cellulose and produced higher H2.

Table 5 shows other inoculum sources than
Clostridium bacteria or pure cultures for H2 production
from cellulose. Some studies were conducted on a batch
mode reactor and achieved promising yields ranging from
4.20 to 521.4 mL/g and 0.097 to 1.7 mmol H2 [71,
94–109]. Only a few studies described continuous biore-
actor usage for H2 production [110–113] (Table 6). The
most significant influences in the anaerobic fermentation
process are temperature and pH [18]. Such parameters
affect the development of H2-producing bacteria and
bio-H2. Bacteria can be categorized into several tempera-
ture classes such as psychrophiles (0–25 °C), mesophiles
(25–45 °C), thermophiles (45–65 °C), extreme thermo-
philes (65–80 °C), and hyperthermophiles (above 80 °C)
[114].

In general, thermophilic or mesophilic conditions may be
performed during the dark fermentation process. In terms of
H2 production, the performance of thermophilic fermentation
using simple substrates is often seen as good [115]. However,
in the case of using cellulose, H2 yields are usually below
1 mol H2/mol hexose. Gadow et al. conducted the dark fer-
mentation under three different temperatures, which are
mesophilic (37 °C), thermophilic (55 °C), and hyperthermo-
philic (80 °C). It was found that 55 and 80 °C resented stable

hydrogen yields of 12.3 and 9.72 mmol/g cellulose, respec-
tively [110]. However, mesophilic only produced 3.56 mmol/
g cellulose.

Carver et al. reported the usage of mixed microbial consor-
tium in thermophilic fermentation of cellulose gave 0.35 mol
H2/mol hexose [88]. They also reported 2.98 mmol H2 was
produced at 50 °C by using compost pile (TC60) [108]. In
addition, the continuous process with heat-treated anaerobic
sludge was maintained for 190 days and gave H2 yield of
2.52 mol H2/mol hexose [107]. Mesophilic processes require
less energy input because the process was carried out at lower
temperatures. From Table 5, only a few studies described
long-term mesophilic hydrogen production from cellulose
[110]. In conclusion, the thermophilic temperature is expected
to have a better economic performance for cellulosic-
hydrogen fermentation.

For the effect of pH, as shown in Table 5, the pH range from
5 to 7 was the optimum pH for fermentation for H2 production.
In fact, this pH range is promoting the growth of bacteria.
Saripan et al. presented that the cumulative H2 production in-
creased with an initial pH increase from 6 to 7 and decreased
sharply with an initial pH increase from 7 to 8 [105]. At initial
pH 7, a maximum H2 production was achieved at 761 mL H2/
L. At pH 5, H2 could not be generated at low pH, which may
probably be due to the formation of acidic metabolites that
could destabilize the ability of the microbial cells to retain in-
ternal pH, resulting in a decrease in the internal ATP and inhibit
substrate uptake. Similarly, the low H2 production was ob-
served at higher pH (pH 8) due to the inhibition of hydrogenase
activity. Similarly, Gonzales et al. reported that pH 6 was the
optimum pH for maximum cumulative H2 production
(1.27 mol H2/mol sugar [116]. Bao et al. also observed the
initial pH at 6 shows the maximum H2 yield of Clostridium
acetobutylicum X9 + Ethanoigenens harbinense B2 reached
9.63 mmol g-MCC-1, and cellulose degradation was 81% [92].

Table 4 Inoculum source of mixed bacteria and operational parameters of dark fermentative biohydrogen production from cellulose

Inoculum Temperature
(K)

pH Reactor
type

Biohydrogen
yield

Ref

Hyperthermophilic eubacterium and Thermotoga neapolitana, 80 7.5 Batch 2.20 mol [54]

Clostridium butyricum and Ruminococcus albus 37 3 n.a 2.40 mol [84]

Clostridium acetobutylicum X9 and Ethanoigenens harbinense B49 37 5 Batch 8.10 mmol [85]

Clostridium thermocellum JN4 and Thermoanaerobacterium thermosaccharolyticum
GD17

37 n.a. Batch 1.80 mol [86]

Clostridium thermocellum and Clostridium thermopalmarium 55 7 Batch 1387 ml/L [87]

Thermoanaerobacter and Clostridium spp. 55 7 Batch 2.14 mmol [88]

Clostridium cellulovorans 743B and Rhodopseudomonas palustris CGA009 30 7 Batch 0.40 mol [89]

Clostridium termitidis and Clostridium beijerinckii 37 7 Batch 1.92 mol [90]

Cellulomonas fimi and Rhodopseudomonas palustris 30 7 Batch 44.0 mmol [91]

Clostridium acetobutylicum X9 and Ethanoigenens harbinense B2 37 6 Batch 10.4 mmol [92]

n.a. not available
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Another operating condition of the anaerobic fermentation
process is HRT, which affects microbial metabolism and, ul-
timately, the bio-H2 production and final products of fermen-
tation. Based on the Table 6, it was shown that 32 to 240 h is
the range used for the HRT [101, 107, 110, 111, 113].
However, the most frequently used for HRT was 240 h. In a
previous study for HRT for H2 production from cellulose, Bao
et al. revealed that the maximum H2 yield of Clostridium
acetobutylicum X9 + Ethanoigenens harbinense B2 reached
10.2 mmol g-MCC-1, cellulose degradation of 85% at HRT
40 h [92]. They claimed multiple microorganisms came to a
stable phase.

3.1.3 Bioreactor configurations for dark fermentation

The configuration of the reactor is considered to be critical for
the overall output efficiency of fermentative hydrogen. It

affects the reactor’s environment, the prevailing microbial
population, the hydrodynamic behavior that has been formed,
the interaction between substrates and consortia, etc. [18]. The
fundamental classification of reactors used for fermentation is
based on the mode of implementation of the batch, semi-
continuous and continuous. Commonly, batch or continuous
bioreactors are used for bio-H2 production in which former
reactors are mainly employed for research purposes, whereas
latter bioreactors are employed at an industrial scale [43]. In
addition, batch reactors have a simple and inexpensive design;
fermentation parameters, especially temperature and pH, can
be controlled conveniently. Due to these reasons, many re-
searchers most focused on the batch mode of bioreactors
[94–109]. Generally, all fermentation batches were incubated
at 120 rpm and 60 °C, while anaerobic conditions were gen-
erated by purging the bottles with nitrogen gas at 37 °C and
120 rpm for 96 h.

Table 6 Inoculum source of pure
bacteria and operational
parameters of dark fermentative
biohydrogen production from
cellulose using continuous
bioreactor

Inoculum Temperature
(°C)

pH HRT
(h)

Biohydrogen
yield

Ref

Microflora from sewage sludge digester 37 5 240 0.61 mmol [110]
55 15.2 mmol

80 19.0 mmol

Microflora from sewage sludge digester 80 7 240 12.3 mmol [111]

Rotted wood crumbs 60 7 240 33.2 mmol [112]

Thermoanaerobacterium
thermosaccharolyticum KKU19

30 6.5 32 1.42 mmol [113]

Table 5 Inoculum source of pure bacteria and operational parameters of dark fermentative biohydrogen production from cellulose under batch reaction

Inoculum Temperature (°C) pH HRT (h) Biohydrogen yield Ref

Anaerobic digested activated sludge (AS) 35 6.5 n.a. 23.3 ml/g [94]
Anaerobic digested dairy manure (DM) 37.0 ml/g

Cow dung microflora 55 7 n.a. 4.20 ml/g [95]

Cellulomonas sp. 36 5.5 n.a. 176 ml/g [96]

Cellulomonas sp. 35 7 n.a. 0.097 mmol [97]

Cow dung 37 6.8 n.a. 2.09 mol/mol-hexose [98]

Cellolomonas uda 35 7.5 n.a. 4.79 mmol [71]

Cellulomonas biazotea NCIM-2550 30 6.5 n.a. 1.91 mmol [99]

Trichoderma viride 30 7 n.a. 122 ml/g [100]

Rumen liquor 38 7 160 50.0 mmol [101]

Cotton 37 8 n.a. 0.99 mol [102]

Cornstalk 36 7 n.a. 209 ml/g [103]

Sewage sludge 60 8 n.a. 4.30 mmol [104]

Elephant dung 55 7 n.a. 0.62 mmol [105]

Enterobacter genus 37 7 n.a. 521 ml/g [106]

Thermoanaerobacterium sp. strain F6 60 6.5 60 43.8 mmol [107]

Compost pile (TC60) 55 7 n.a. 2.89 mmol/g [108]

Digested sludge 32 7 n.a. 1.70 mol [109]

n.a. not available
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There are various types of bioreactors, including continu-
ous stirred-tank reactors (CSTR), upflow anaerobic sludge
blanket reactor (UASB), and anaerobic fluidized bed reactor
(AFBR) [18]. The reactors most widely used for continuous
fermentation are CSTR. The reactors are cylindrical in shape
and are equipped with a mechanical stirring system (Fig. 9a).
This reactor is categorized as simple design, which easily ad-
justs operating conditions such as pH and temperature. In
addition, continuous stirring facilitates the medium’s homo-
geneous conditions and provides microorganisms with a good
contact with substrates, and enhances the efficacy of hydrogen
removal from the reaction mixture, which decreases its partial
pressure and increases the yield of H2 [117]. In general, the
microbial population producing bio-H2 is thoroughly circulat-
ed and is suspended with the mixed liquor in the reactor with
the aid of a stirrer. As a result, in reactor liquor, the microbes
are suspended and contain an equal biomass load in the efflu-
ent. In such conditions, the best interaction of the inoculum
substrate and mass transfer could be obtained.

The main parameters during the CSTR operation are HRT
and organic loading rate. The higher concentration of biomass
lowered the H2 production rate. Meanwhile, the H2 production
rates in CSTR are also not high when using short HRTs.
However, HRT must be less than the maximum growth rate
of microorganisms used. Referring to Table 6, it is clearly seen
that the longer HRTs used in CSTR gave the higher bio-H2

yield as compared to short HRTs. It might be because the
multiple microorganisms came to a stable phase with longer
HRT [92]. The literature survey found a range of disadvan-
tages in CSTR, such as highly susceptible to different envi-
ronmental influences, such as pH and HRT fluctuations, and
processing results in biomass washout at an increased dilution
rate leading to a lower production rate of biohydrogen [118].

Different processes have been developed, such as microbe
immobilization and upflow reactors (UASB) in order to

maintain the concentration of biomass in bioreactors for
higher bio-H2 production. The UASB reactor consists of an
elongated shape with a three-phase separator in the upper part
of the reactor (Fig. 9b). The granules are formed and grow
during the fermentation process through the aggregation of
activated sludge and deposited at the bottom of the reactor.
The closeness of microorganisms in granules results in greater
conversion of substrates into H2. However, these reactors are
sensitive toward channeling effects, which give rise to poor
substrate-biomass contact [119, 120].

Another bioreactor used in dark fermentation is AFBR
(Fig. 9c). This reactor combines the features of two reactors,
which are CSTR and immobilized-bed reactors. In AFBR,
biocatalyst substances are moved through the continuous flow
of substrate liquor [121]. As the fluid pressure decreases, the
weight of the bed will be retained. Meanwhile, as granules,
microorganisms are deposited on a solid surface, and then gas
is fed to create a fluidized bed from the bottom of the reactor.
As microorganisms are accumulated on a solid surface, com-
pared to a UASB reactor, there is a lower risk of biomass
being washed off. The literature survey finds that, relative to
CSTR, improved biohydrogen development is observed in
FBR. A downside of an AFBR is the increased energy neces-
sary to hold the bed in a fluidized state.

3.2 Thermochemical process

Cellulose can be treated by various thermochemical processes
including gasification, liquefaction, pyrolysis, steam gasifica-
tion, and supercritical water gasification to produce biofuels,
biochemicals, and energy [122]. The advantages of this pro-
cess such as low-cost and higher efficiency in thermal treat-
ment [123]. The H2 yield is relatively low when using dry
biomass, about 16–18%. In comparison to other thermochem-
ical gasification processes such as steam gasification or air

a b c

Fig. 9 Schematic of a continuous stirred tank reactors, b upflow anaerobic sludge blanket reactor, and c fluidized-bed reactor for fermentation
biohydrogen production (adopted from [18])
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gasification, supercritical water gasification gave a better per-
formance at lower temperatures and can directly use wet bio-
mass without drying [124]. The main drawback of these
methods is the feedstock decomposition led to the production
of char and tar [125]. Researchers havemade a range of efforts
to study biomass gasification for H2 production with different
types of biomass as well as under different operating condi-
tions in order to improve the thermochemical process for H2

production.

3.2.1 Pyrolysis and gasification

Gasification generally refers to the thermal treatment, which is
carried out at high temperature by using a gasifying agent such
as steam, air (partial oxidation), or CO for gaseous product
formation, especially H2 with lower amounts of char and ash
[126]. In particular, the syngas was produced with an H2/CO
ratio of 2/1 when steam or O2 was added in the gasification
process, and then the latter being used for the formation of
higher hydrocarbon from the Fischer-Tropsch reaction [127].

Thermal decomposition of solid mass produced gas prod-
ucts such as H2, CO, CO2, H2O, and CH4 at 600–1000 °C
[128]. Meanwhile, superheated steam was used at 900 °C to
attain high H2 yields by reforming the dry biomass. However,
the tars were formed in the gas product even conducted at a
higher temperature in the range of 800–1000 °C [126].
Biomass gasification is typically observed according to the
equation:

Biomassþ O2→H2;CO;CO2;H2O;CH4 þ tar þ char þ ash ð5Þ

The gasification method is complex and involves a two-
step process of pyrolysis followed by gasification. In fact,
pyrolysis provides heat for the endothermic reactions and pro-
duces 75 to 90% volatile materials in the form of gaseous and
liquid hydrocarbons. Meanwhile, the remaining nonvolatile
material, containing a high carbon content, is referred to as
char [129]. Both volatile hydrocarbons and char are subse-
quently converted to syngas in the second step (gasification).

Gasification technology also is known in terms of an ener-
gy balance as a self-sufficient autothermic operation. Biomass
gasification’s energy recovery and heat efficiency are more
than the combustion and pyrolysis due to the optimal use of
usable biomass feedstock for heat and power generation as
both carbon and hydrogen contribute significantly to the cal-
orific value. At the same time, pyrolysis and liquefaction are
complex and highly dependent on operating conditions and
the occurrence of a secondary reaction between the hot solid
and volatile particles [130]. Therefore CO and H2 conversion
are weak in the processes of pyrolysis and liquefaction.
However, the syngas produced from gasification is easily

convertible by catalytic methanation of CO and CO2 into syn-
thetic natural gas.

Generally, the gasification methods lead to low thermal
efficiency because the biomass’s moisture still needs to be
vaporized. This method can be conducted in a fluidized-bed
reactor compared to a fixed-bed as it performs better [126].
The reactors are usually constructed on a large scale and in-
volve constant fuelling of vast quantities of energy. Hence, it
only achieves 35–50% efficiencies since the heating value is
lower [131]. One of the problems with this approach is the
importance of using large quantities of resources to move the
massive volumes of biomass to the central processing plant.
The high costs of logistics of gasification plants and the re-
moval of the tar to suitable levels for the processing of pure H2

currently hinder the commercialization of H2 based biomass
production. For H2 cost-effective output, this technology will
require the future development of smaller and more produc-
tive distributed gasification plants.

Another currently promising method for H2 production is
pyrolysis (Fig. 10). Raw organic material is heated and gasi-
fied within the 500–900 °C range at a pressure of 0.1–0.5MPa
[132]. The cycle is performed without oxygen and air, so the
production of dioxins is almost ruled out. Since no water or air
is present, no CO or CO2 is produced, which eliminates the
need for secondary reaction. This method ultimately provides
a substantial reduction in emissions. However, significant
COx emissions will be generated when air or water is present.
Fuel efficiency, relative simplicity and compactness, clean
carbon byproduct, and reduced COx emissions are among
the advantages of this process [6]. Generally, the reaction
can be represented by the following equation:

CnHm þ heat→nCþ 0:5 mH2 ð6Þ

Based on the temperature scale, the pyrolysis process is
divided into low (up to 500 °C), medium (500–800 °C), and
high (over 800 °C) temperatures [1, 6]. Fast pyrolysis is one of
the latest processes in which organic material is converted into
higher energy content products. Fast pyrolysis products occur
in all the formed phases, including solid, liquid, and gaseous
products. One of the issues with this approach is the possibil-
ity of carbon-formed fouling, but proponents claim that proper
design will mitigate this. Pyrolysis can play an essential role in
the future as it has the potential for lower CO and CO2 emis-
sions and can be done so that a significant volume of solid
carbon can be extracted, which is quickly sequestered.

Water-gas shift is used in the pyrolysis and gasification
processes to transform the revamped gas into H2, and pressure
swing adsorption is used to purify the product. Figure 11
shows a general schematic for producing hydrogen from cel-
lulose using gasification or pyrolysis/reforming. The other
processes involved in a cellulose thermochemical biorefinery
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for the production of valuable products such as automotive
fuels, light olefins, and H2.

Generally, the pyrolysis of biomass is the main sub-process
in thermochemical hydrogen production. The gaseous prod-
ucts can be obtained from the pyrolysis of biomass at high
temperatures [133]. However, the H2 concentration in gaseous
products from pyrolysis is still too low to be commercially
attractive. One of the methods to increase the hydrogen yield
is to apply catalytic pyrolysis. Pure cellulose pyrolysis trans-
forms primarily to a monomer, levoglucosan, without a cata-
lyst. Table 7 shows the catalyst used in pyrolysis for H2 pro-
duction. Su et al. reported that sodium aluminum oxide,
Al2O3.Na2O catalyst exhibits good activity for a higher yield
of H2 (1.8 mmol) from cellulose at 673 K [134]. At a higher
temperature above 673 K, the tar was produced and reduced
the utilization efficiency of cellulose [135]. In fact, the catalyst

plays a vital role in converting tar and in the production of H2.
Thus, controlling the reaction temperature is also a crucial
factor for enhancement of H2 production and inhibiting tar
formation.

More researchers recently focused on the metallic catalyst,
such as nickel (Ni), for the thermochemical conversion pro-
cess. Zou et al. used the Ni/Al2O3 for H2 production from
pyrolysis catalytic reforming of cellulose using a two-stage
fixed-bed reaction system [136]. This system has benefitted
from the catalytic reforming stage, where direct contacts be-
tween catalyst and pollutants from biomass char and ashes are
avoided. The used catalyst is easier to be separated and regen-
erated than single-stage gasification mixing catalyst and raw
biomass. It was found that H2 productionwas around 28mmol
even though the catalyst was reused five times. Wu et al. re-
ported that Ni-based catalysts improve the production of gas

Fig. 10 General scheme for producing hydrogen through pyrolysis (adopted from [126])

Fig. 11 General scheme for producing hydrogen from cellulose using gasification and pyrolysis/reforming
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and H2, particularly the addition of Zn and Ca to the Ni-Al
catalyst [9]. Among both catalysts, Ni-Ca-Al was the most
effective for hydrogen production (22.2 mmol H2) from cel-
lulose pyrolysis/gasification compared to the absence of cata-
lyst (5.8 mmol H2). However, the more massive consumption
of chemicals to prepare the catalyst can contribute to the
higher cost. Although it is a promising performance, a signif-
icant effort should be made to reach an economically feasible
process.

Rupert et al. also studied Ni supported on ZrO2 for en-
hanced H2 production (13 mmol) from the thermochemical
of cellulose [137]. They found that Ni can catalyze the C–C
cleavage and crack products more easily dehydrogenated to
form H2. Also, increased contact between the ZrO2 and NiO
phases was beneficial for the enhanced H2 yield. Other than
that, Ce also was used as a promoter in Ni/Al2O3 for H2 pro-
duction from catalytic pyrolysis of cellulose [138]. This cata-
lyst exhibited higher H2 production (1.90 mmol) at a higher
temperature (650 °C). This result is attributed to the strong
acidity of the catalyst favoring the C–O and C–C bond cleav-
age and subsequently promoting cellulose decomposition.

Besides Ni-based catalyst, Fe-based catalyst also offers rel-
atively high H2 production. In fact, the efficient catalytic metal
for water gas shift reaction is Fe2O3. However, the Fe2O3

catalyst was deactivated due to the thermal sintering at higher
temperatures [140]. To overcome this problem, Zhou et al.
used the CeO2 as the metal oxide for lowering the sintering
and enhance the stability of material [139]. It was found that
the catalytic performance of the CeO2/Fe2O3 catalyst in rela-
tion to H2 production was much better than that of pure CeO2

or Fe2O3. At 800 °C, the H2 yield was 28.6 mmol. After redox
reactions, CeFeO3 could be produced at 800 °C without
forming the CeO2/Fe2O3 clathrate. However, the decreasing
number of CeFeO3 could be attributed to the deactivation
catalyst in the lifetime test.

3.2.2 Operating conditions

A variety of parameters influence the cellulose pyrolysis/
gasification process, yields, and properties of products.

That involves the heating rate, temperature, and vapor res-
idence time [10]. The section below will analyze the effect
of those parameters that govern process mechanisms and
provide compositions for the desired product.

Pyrolysis/gasification temperature significantly influences
the distribution and properties of products. The thermochem-
ical process involves the endothermic reaction and has a sig-
nificant impact on gas and H2 yields. Furness et al. briefly
identified the gas decomposition and defined a three-stage
pyrolysis process [141]. CH4, CO2, and H2O were the key
pyrolytic products in the first stage at 250 °C. Hydrocarbon
and alcohols were the main pyrolytic products in the second
stage at 350 °C. Lastly, in the third stage, H2, CH4, CO, CO2,
hydrocarbon, and alcohols were the main dominating prod-
ucts at 550 °C.

Based on the previous studies, the gasification temper-
ature should be controlled at < 673 K in order to avoid tar
production. However, the formation rates of hydrogen in-
creased sharply at about 1023–1073 K. In addition, at this
temperature, the tar was formed, l ike 1,3-bis(1-
methylethyl)-benzene, 1,4-bis(1-methylethyl)-benzene,
1,2,3,4-tetrahydronaphthalene [134]. Similarly, Arregi
et al. have summarized the impact of gasification temper-
ature on tar content in the gaseous product stream and
found that a more extreme operation resulted in an im-
proved gasification efficiency by reducing the tar content
[122].

Zhou et al. also studied the influence of catalytic tempera-
ture on the hydrogen production from cellulose gasification
and the hydrogen production when cellulose pyrolysis tem-
perature was kept at 800 °C [139]. As shown, the yield of gas
increased directly from 62.92 to 85.84 wt%, suggesting that
the temperature of gasification had a major impact on the
thermal conversion of liquid oil compounds to light gases.
The yield of H2 and CO2 increased marginally for that gas
concentration as the temperature rose from 500 to 700 °C,
while the H2 yield reached the maximum at 28.58 mmol at
800 °C and the H2 yield decreased at 900 °C. The latter phe-
nomenon that occurred might be due to the reverse WGS
reaction by the role of catalyst.

Table 7 Pyrolysis method for biohydrogen production from cellulose

Catalyst Temperature (°C) Heating rate Reactor type Biohydrogen yield Ref

Ni-based catalyst 573–873 40 °C min−1 Fixed-bed, two-stage reaction 22.2 mmol [9]

Al2O3.Na2O 400 2Kmin−1 Stainless steel and fixed bed 1.80 mmol [134, 135]

Ni/Al2O3 800 n.a. Fixed-bed, two-stage reaction 28.0 mmol [136]

Ni/ZrO2 700 15 cm3 min−1 Batch 13.0 mmol/g [137]

K2CO3 650 30 °C min−1 Batch-supercritical water gasification 2.12 mmol [138]

Ni-Ce/Al2O3 1.90 mmol

CeO2/Fe2O3 800 30 °C min−1 Fixed-bed, two-stage reaction 28.6 mmol [139]
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Heating rate is a fundamental parameter that defines
the type of biomass pyrolysis, i.e., flash, fast, and slow
pyrolysis [1]. Fast heating rates favor the rapid fragmen-
tation of the biomass and yield more gases and produce
less char. In fact, the heating rate can be considered a
function of the temperature and residence time. Higher
residence times begin to decompose secondary hydro-
carbon reactions to accumulate in the pyrolysis-
volatiles as light hydrocarbon gases. Hernandez et al.
showed that higher gas residence times increase the H2

yield with decreases in tar formation [142]. Su et al.
reported that when the heating rate was increased, the
formation rates of H2 also increased [135]. Similarly,
Fushimi et al. investigated the H2 gas products of the
pyrolysis of cellulose and found that they are increased
with heating rate changed from 1 to 100 K s-1 [143].
More specifically, gaseous products, such as H2 and
light hydrocarbon gas, are growing with higher heating
rates and gas residence times.

3.2.3 Bioreactor configurations for pyrolysis/gasification

A further level of complexity to the pyrolysis operation is
added by the type of contact between particles in the reactor
and depends on the pyrolysis reactor [144]. There are several
reactor configurations that have been used for pyrolysis, in-
cluding fluidized bed reactors (FBR), ablative reactors, rotat-
ing cone, and auger/screw reactor [145].

FBR is one of the most widely used for pyrolysis reaction
(Fig. 12a). This reactor involves the rapid heating of biomass
by mixing it with the sand particles at high temperatures.
There are two basic types of FBR including bubbling and
circulating. Among them, bubbling fluidized bed reactors
are the most advanced technology, using sand as fluidizing
solid because it allows an excellent gas-solid contact and im-
proves heat transfer [146]. Ni et al. [147] reported that hydro-
gen production from biomass pyrolysis using fluidized bed
reactors would be attained at a higher production rate due to
its exhibiting higher heating rates. However, large reactor size
and the high cost of construction and operation are the
disadvantages.

Besides FBR, ablative reactors also one of the bioreac-
tors for pyrolysis reaction. It involves the thermal “ero-
sion” of the biomass by pressing against the hot reactor
wall (Fig. 12b). This type of reactor accepts a feedstock of
large sizes and allows good mechanical abrasion of char.
Then, most researches focused more on the rotating cone
reactors, which do not involve the carrier gas to transport
the vapors, thus reducing the operating cost. The biomass
is fed near the bottom of the rotating cone and is carried
up the wall of the rotating cone in a spiral motion due to
the centrifugal force (Fig. 12c). For the auger/screw reac-
tor, this allows the reactor to be used on the site of

biomass generation or where the biomass is abundantly
available [148]. This reactor is a tubular, continuous reac-
tor in which solid biomass is transported via a rotating
screw, while the heat required for pyrolysis is transported
along the tubular wall of the reactor (Fig. 12d).

Refer to Table 7; most researchers use a two-stage
pyrolysis catalytic reforming fixed-bed system, as shown
in Fig. 13 for H2 production from cellulose [9,
134–136, 139]. This system consists of a two-stage
fixed-bed furnace with two temperature ranges: pyroly-
sis zone and gasification zone for the first and second
stages. In the first stage, cellulose was pyrolyzed in a
stainless tube reactor, while the derived pyrolysis vapors
were catalytic steam reformed under a second reactor
tube in the presence of the catalyst. Fast pyrolysis of
cellulose samples happened in the first stage, and the
volatiles are entering the second reactor. The outlet
products passed through two condensers, where the liq-
uid products were collected. Finally, the noncondensable
gases were cleaned, dried, and collected with a gas bag.

4 Economic aspects of biohydrogen
production

World demand for H2 is about 70 million tonnes/year
since its potential utilization in fuel, vehicle, and industri-
al feedstock. However, the major problem is its unavail-
ability in nature. Therefore, the supply of H2 by inexpen-
sive production methods is necessary in order to meet
those needs. The most widely used and cheapest method
for H2 production is the steam reforming of methane
(SRM) from natural gas, with a cost of 1.5–2.2 USD/kg
[37]. However, nowadays, biological processes such as
dark fermentation and thermochemical processes, includ-
ing pyrolysis, have been extensively studied in a labora-
tory scale using different biomass sources, particularly
cellulose feedstock. Generally, the molar yield of H2 and
the feedstock’s cost are the two main barriers for both
fermentative and pyrolysis hydrogen production.

H2 production by gasification and pyrolysis of biomass is
not generally considered economically competitive with SRM
processes. The price of H2 obtained by direct gasification of
lignocellulosic biomass, however, is about three times higher
than that for H2 produced by SRM [149]. According to
Hamelinck and Faaij [150], the cost of producing H2 from
biomass ranges from 10 to 14 USD, with a net higher heating
value (HHV) energy efficiency of 56–64%. For fermentation,
Ochs et al. [151] demonstrated a study that H2 from a com-
bined dark and photo fermentation impacts 5.7 higher than
SMR, most from the use of phosphate in the fermentation
process, which used the higher cost. It can be concluded that
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biological hydrogen was comparatively higher than that of H2

from pyrolysis.
5 Challenges and future perspective
for enhancing biohydrogen production
from cellulose

Presently, H2 is the most expensive product among the
biofuels and H2 generation from renewable sources, es-
pecially cellulose feedstock. This feedstock can be
transformed into H2 by thermochemical processes (py-
rolysis and gasification) and biological process (dark
fermentation). Both processes have weaknesses in a
low degree of conversion of the substrate to product,
thus limiting the production of H2. Due to the pretreat-
ment of cellulose and enzymatic hydrolysis, it is the
most cost-intensive step, including the major cost for
H2 production [45]. The pretreatment of cellulose by
acid or alkali inhibited its utilization in industrialization,
which is mainly due to the system corrosion and envi-
ronmental toxication [54]. In response to that matter, the
catalyst or nanomaterials for pretreatment of cellulose
might reduce the chemical consumption by green syn-
thesis via plant extracts and microorganisms [58]. This
process offers many advantages, such as high stability,

Fig. 12 Scheme of a fluidized bed reactor, b ablative reactor, c rotating cone, and d auger/screw reactor of pyrolysis for producing hydrogen (adopted
from [145])

Fig. 13 Scheme diagram of a two-stage pyrolysis catalytic reforming
system (adopted from [136])
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utilizing fewer chemical agents, and low cost. Thus, the
green method for synthesis of nanomaterials led to low-
er pretreatment of cellulose for H2 production.

As previously discussed the reactor configuration of dark fer-
mentation, many researchers most focused on the batch mode of
bioreactors. However, this reactors normally brings about lower
H2 production rates. Thus, a suitable design of a fermenter like a
bioreactor configuration and operationmode has to be developed
to make the production of H2 more efficient [40]. The fermenta-
tion should be carried out in continuousmode rather than in batch
method, with particular attention given to the starting
conditions—up strategy [41]. Such fermentation requires more
rigorous large-scale studies to address technical and economic
obstacles to be a viable and competitive technology. Besides the
high cost for the pretreatment step, enzymatic hydrolysis also
involves the major cost of incomplete fermentation when its
deactivation at higher temperatures and incomplete conversion
of the cellulose into the H2 product [45]. Thus, combining dark
fermentation with photo fermentation is one of the approaches
for economic technology since the latter process can consume
unconverted metabolites from former fermentation such as acetic
acid and then increase the process efficiency.

In recent years, there are still few studies using the addi-
tives to improve dark fermentative bio-H2 production. In gen-
eral, the main additives used were metal zero-valent (Fe0, Ag0,
Ni0, Pd0, etc.), metal ions (Fe2+, Ni2+, Na2+, Mg2+, etc.), and
metal oxides (Fe2O3, Fe3O4, CoO, and ZrO2). In fact, the
addition of metal into dark fermentation media facilitated in-
tracellular electron transportation and provided the essential
nutrition for microbial growth [59]. Among those metal addi-
tives, Fe is the most used for the dark fermentation process.
Zhang et al., for example, evaluated the concentration of Fe
andMn on bio-H2 production. The addition of Fe andMn into
activated carbon enhanced the H2 production by 55.8%. These
additives provided favorable sites for microbial colonization
and promoted the direct interspecies electron transfer [59]. In
addition, this catalyst could be recycled by magnetic separa-
tion after the bio-H2 process.

Electrofermentation is another technology that is being in-
vestigated to improve hydrogen production by dark fermenta-
tion. It consists of electrochemically controlling the metabo-
lism of microbial fermentation using electrodes [152]. The
electrofermentation inoculum must consist of electroactive
and fermenting bacteria that are specialized in the desired
product. Using co-cultures of microorganisms has shown co-
operation between bacteria of the genus Geobacter
(electroactive) and bacteria of the genus Clostridium (fermen-
ter). Electrofermentation experiences with promising results
are reported in the literature [153]. However, there is still
much work to do to apply this process to real substrates.

For pyrolysis and gasification, tars from gasification and
pyrolysis present a significant issue for low-temperature gas-
ification systems, while contaminants such as heavy metals,

chlorine, and sulfur also need to be removed in the syngas
conditioning section [10]. To overcome this problem, the cat-
alyst was loaded for enhancing the H2. The previous study
suggested that if the catalyst load is lower, then the catalyst
displays greater H2 potential. However, the usage of catalysts
may cause poisoning and deactivation, coking, and lower H2

yields. Thus, two-step pyrolysis and reforming of cellulose are
one of the approaches for H2 production, in which this process
produces the free tar. Furthermore, adding the metal phases,
support, and promoter can activate the catalyst by inhibited the
coke formation. However, it is evident from the literature that
H2 generation through pyrolysis still has many obstacles to be
overcome, such as volatile composition, separation and puri-
fication, cost of development, selection of catalysts, or other
materials that ease the process balance, and availability of
sustainable biomass.

6 Conclusion

The present review mainly focused on the application of prom-
ising substrates or feedstock, cellulose in bio-H2 production un-
der the thermochemical process, and biological process. Notably,
the most promising methods of producing H2 from cellulose are
pyrolysis/gasification and dark fermentation. Both processes
need pretreatment of cellulose in order to enhance bio-H2 pro-
duction. In fact, the pretreatment aims to break the
heteropolymeric structure of cellulose and induce the H2-produc-
ing microorganisms by increasing the monomeric sugars. The
most promising pretreatment for cellulose is an ionic liquid such
as 1-butyl-3-methylimidazolium chloride (2.20 mol H2) instead
of alkali and acid treatment (0.95 mol H2). This paper also re-
views the parameters that influence cellulose pyrolysis such as
temperature, heating rate, and vapor residence time, while for
dark fermentation, including the inoculum source, temperature,
pH, and HRT. Interestingly, the formation of H2 increases with a
higher heating rate and gas residence times, which decreases the
tar formation. In addition, the optimum temperature for cellulose
pyrolysis is 800 °C, which gaveH2 yield reaching amaximumof
about ~ 30 mmol H2. For dark fermentation, co-culture or mixed
cultures of thermophilic fermentation of cellulose at pH 7 for
240 h is often considered better in H2 yield (~ 50 mmol H2). In
terms of the cost aspect, H2 production by both processes is not
generally considered economically competitive with the existing
process (SRM processes). It is believed that cellulose is thought
to become a significant renewable source of H2 in the future. The
share of H2 from cellulose in the automotive fuel market will rise
rapidly in the next decade due to its environmental benefits.
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