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Abstract

Biohydrogen (H,) is considered as a prospective energy source for altering of exhausting fossil fuel-based hydrogen in the
coming years. Among biomaterials, lignocellulose is the most abundant renewable feedstock for the second generation
biohydrogen production through many processes. The conventional microbial fermentation and the photocatalytic reforming
have received considerable attention that could convert the monosugars (mainly glucose and xylose) of the lignocellulosic
materials into biohydrogen. In general, to obtain these monosugars, the lignocellulosic materials must be pre-treated through
various complicated processes. This review focuses on various integrated pre-treating lignocellulosic material techniques and
their advantages and disadvantages, including pretreatment, hydrolysis, and detoxification methods to get monosugars.
Additionally, the state-of-the-art accomplishments in the post-methods, including microbial fermentation (including photo-
fermentation and dark fermentation), microbial electrolysis, and photocatalytic reforming, for further converting monosugars
into sustainable biohydrogen, are favorably highlighted. Finally, the perspectives for material pre-treating techniques and future
challenges for post-methods to enhance biohydrogen are also discussed and intensified.
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Abbreviations H, Hydrogen/ Biohydrogen
AAS Aqueous ammonia soaking HMF Hydroxymethyl furfural
AFEX  Ammonia fiber explosion PIL Protic ionic liquid
NENCN,  Cyanamide-functionalized carbon nitride VB Valence band

CO, Carbon dioxide

CS Cassava stem

C]_S Conduction band 1 Introduction

(e) electron

(h*) hole

(+OH) Hydroxyl radicals Hydrogen (H,) is a perspective of future fuel as it has high

heating value and used in many sectors. Besides, the alterna-
tion of fossil fuel-based gasoline and diesel by hydrogen can
04 Van-Huy Nguyen contribute to efforts to reducing carbon dioxide (CO,) emis-

nguyenvanhuy20@duytan.com.vn sion and environmental pollution from the combusting of
these products because when hydrogen is combusted, it pro-
duces water as a clean main product [1-3]. Therefore, hydro-
gen fuel demand is more and more increasing. Currently, the
synthesis gas derived from hydrocarbon fossil fuel and water
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As a sustainable hydrogen source, recently, biohydrogen
has got great attention because it can be produced from vari-
ous biomass sources through biological route (dark
fermentation and photo-fermentation) or thermochemical
route (gasification or pyrolysis) [6—9]. Biohydrogen can be
produced from non-waste feedstocks such as sugar-
containing crops (including glucose, xylose, and sucrose in
starch), known as the first-generation biohydrogen [10-12].
However, using these sugars from starch for first-generation
biohydrogen production faces food security [13, 14].
Therefore, in point of material source and environmental
view, biohydrogen produced from biomass waste, which also
contains a significant amount of glucose and xylose such as
lignocellulosic waste, is an ideal renewable energy. Unlike the
first-generation biohydrogen, biohydrogen production from
biomass waste, known as the second-generation biohydrogen,
is a promising sustainable energy source. In this route, the
lignocellulosic waste from crops, planting, etc., which is re-
newable, cheap, and abundant, is used as feedstocks.
Additionally, lignocellulosic waste conversion to
biohydrogen and biofuel could effectively reduce CO, emis-
sions from burning lignocellulosic crop residues on open field
[15—17]. Thus, biohydrogen production from lignocellulose
materials is an appreciated and prospective goal.

There are many methods and processes to produce
biohydrogen. However, two recent concerned approaches to
produce second-generation biohydrogen from monosugars
such as glucose and xylose are (1) using microorganisms via
fermentation and (2) via photocatalytic reforming. On the one
hand, the productions of biohydrogen through fermentation
include the dark fermentation and photo-fermentation. In this
route, microorganism plays an essential role in converting
glucose and xylose to hydrogen via metabolism [18-24]. On
the other hand, the biohydrogen generation, which is based on
the photocatalytic reforming route, is promoted by
photocatalysts with a light source [25-29]. The first or the
second routes to produce second-generation biohydrogen
from lignocellulose-derived sugars, glucose, and xylose are
essential materials for processes. Therefore, material treating
techniques to obtain glucose and xylose are the key for
succeeding in biohydrogen production from lignocellulose
material.

To date, there were only a few reviews for the production
of hydrogen from lignocellulose. For example, Singh et al.
focused on producing hydrogen from untreated/treated ligno-
cellulose [30]. On the other hand, Kucharska et al. and Bajpai
studied the general lignocellulosic treating to produce hydro-
gen and other biofuels by biochemical processes [30, 31]. This
review highlights pre-treating techniques (pretreatment, hy-
drolysis, detoxification) for lignocellulose to obtain the
monosugars (mainly glucose and xylose). The monosugars,
which are considered raw material sources, are continually
used to produce biohydrogen (via the next step of

@ Springer

fermentation or photocatalytic reforming). Finally, the per-
spectives for material treating techniques and future chal-
lenges to enhance biohydrogen are also discussed and
highlighted.

2 Techniques for material pre-treating
toward production of biohydrogen

2.1 Lignocellulose structure

Lignocellulose is a complex structure composed mainly of
cellulose, hemicellulose, and lignin, as illustrated in Fig. 1.
Typically, the celluloses are long glucan polymers of linear
chains of hundreds to many thousands of 1,4-beta bonded
anhydroglucose units [32]. Hemicelluloses are polysaccha-
rides composed of shorter chains of linear or branched units.
They are intertwined with a linear chain structure of cellulose.
Lignin molecules are closely bound to cellulose and hemicel-
luloses and surround them, thereby protecting the cellulose-
hemicellulose matrix, making the structure difficult to break
[33-35].

The percentages of cellulose, hemicelluloses, and lignin in
lignocellulosic materials vary depending on their source. The
components of some lignocellulosic materials are shown in
Table 1 [36, 37, 39, 46]. Some lignocellulosic materials have
very high cellulose and hemicellulose contents, e.g., sugar
cane bagasse, cassava stem, rice straw, and wheat straw.
They are among the most commonly explored sugar supply
sources for second-generation biohydrogen production.

2.1.1 Cellulose

Cellulose is an essential structural component of the cell wall
of plants. The general formula of cellulose is (CgHOs),.. It is
a long glucan polymer consisting of linear chains of hundreds
to many thousands of 1,4-f3 bonded anhydroglucose units.
The bonds between sugars are created when water is eliminat-
ed by combining the —OH group (Fig. 1). The link between
two sugars produces a disaccharide called cellobiose.
Cellulose includes crystalline and amorphous regions. The
significant proportion is crystalline cellulose [35, 48-50].

2.1.2 Hemicellulose

Hemicelluloses are matrices of polysaccharides, which are
composed of shorter chains of 500-3000 sugar units. Unlike
cellulose, a linear polymer, hemicelluloses are linear or
branched. They contain various sugars, including pentoses
(xylose, rhamnose, and arabinose), hexoses (glucose, man-
nose, and galactose), and some other compounds, as illustrat-
ed in Fig. 2. Hemicellulose has a random, amorphous structure
with little strength. Therefore, it is easier to break it than
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Fig. 1 Structure of cellulose,
hemicelluloses, and lignin in
lignocellulosic materials.
Adapted from Jensen et al. [32]

MeO 0
HO
OH
OH [¢]
0] O 0] HO O—
2o OH © OH
OH,C

OH OH

Lignocellu
material

Table 1 The components of some lignocellulosic materials (as percent dry weight)

Raw material Cellulose (%) Hemicellulose (%) Lignin (%) Ref.

Com cobs 42-45 35-39 14-15 [36, 37]
Sugar cane bagasse 42-48 19-25 2045 [36, 38]
Wheat straw 29-45 20-32 8-21 [36,37,39]
Rice straw 28-47 19-28 5-24 [36,37,39]
Com stalks 39-48 21.3-43 7.3-16 [37, 40, 41]
Corn stover 37 31 13-26 [42, 43]
Bagasse 45-55 20-25 18-24 [44]

Poplar 44.5 22.5 19.5 [45]

Barley straw 31-45 27-38 14-19 [37]
Cassava stem 29.8-42.1 11.6-29.8 19.1 [46, 47]
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Fig. 2 The s@cMes of various CH,0OH OHCH20H CH,OH OH,
types of hemicelluloses. (0] 0 MO =
Reprinted with permission from HOH o OH OH OH
) . HO HO
Li et al. [51]; license no.:
4921471096924 OH OH
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HO ° OH HO 0
MOH HO OH
OH HO L ol OH
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cellulose because the lengths of hemicellulose chains are
short, and these polymers do not aggregate, even when they
co-crystallized with cellulose chains [35, 48-50].

The hemicellulose chains’ backbone can be a mixture of
different sugars (heteropolymer) or a single sugar repeated
unit (homopolymer). Depending on the main sugar in the
backbone, hemicellulose can be xylan (if xylose is the main
sugar), mannan (if mannose is the main sugar), etc. [35, 48,
50].

Because of such a structure, the hemicellulosic structure is
broken and dissolved more quickly than cellulose. It is chal-
lenging to retain monosugars in the hemicellulosic fraction in
the solid phase to become feedstock for the next step and then
for hydrogen production. It notes that pentoses are often lost in
pre-treating lignocelluloses. Therefore, hemicellulosic com-
position in lignocellulosic material has not received consider-
able attention in the second biohydrogen production.
However, the analysis of lignocellulosic materials (Table 1)
shows that hemicellulose fraction from lignocellulose should
be considered because the hemicellulose fraction is also sig-
nificant and many sugars, especially xylose, can be a substrate
for hydrogen production. If this fraction can be retained in
hydrolysate and becomes the substrate for production,
biohydrogen concentration would significantly improve.

2.1.3 Lignin

Lignin is a complex three-dimensional structure which is com-
posed of phenyl propane units. It is a large molecule having
more than 10,000 units, and it is a relatively hydrophobic and
aromatic polymer. It is closely bound to protect cellulose and
hemicelluloses (Fig. 1). Therefore, in biohydrogen production
from lignocellulosic materials, lignin structure must be broken
to release cellulose and hemicelluloses, and facilitate hydroly-
sis. Besides, in biohydrogen production, lignin and its derivate
are considered waste and toxicants for microbial growth.
Therefore, lignin should be removed before performing hy-
drolysis to enrich sugar concentration and/or lignin derivate
should be removed before fermenting if bioconversion is
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employed to generate hydrogen from lignocellulose
hydrolysate.

2.2 Lignocellulosic pre-treating techniques

In biohydrogen production from the lignocellulosic-derived
monosugars (glucose and xylose), the material must undergo
the main steps, as mentioned earlier, because of the lignocel-
lulose structure mentioned earlier Fig. 3. After being ground,
lignocellulose is often passed directly/indirectly through vari-
ous pre-treating steps to produce monosugars. Typically, the
first step is pretreatment, which breaks down lignin structure

Lignocellulose
biomass
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Break down

Pretreatments ----» ° ~
lignin structure

Hexoses &
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Detoxification ----» Remove inhibitors

\

M @ @)
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Fig. 3 The outline of biohydrogen production from lignocellulosic-
derived monosugars
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to improve or facilitate hydrolysis of cellulose and hemicellu-
lose [52, 53]. The next is hydrolysis, which is splitting cellu-
losic and hemicellulosic polymers to release hexoses and pen-
toses for fermentation [54, 55]. After that, detoxification may
be applied to remove inhibitors that are formed during hydro-
lysis. If the hydrolysis is enzymatic, detoxification is not nec-
essary because this hydrolysis method does not release many
inhibitors [56-59]. The last step is producing biohydrogen
from glucose and xylose through microbial fermentation or
photocatalytic reforming processes, as illustrated in Fig. 3.

2.2.1 Pretreatment techniques

Pretreatment of lignocellulosic biomass is the first step before
being used as a feedstock for biohydrogen production [60]. It
aims to break the lignin matrix to release cellulose and hemi-
cellulose fragments to facilitate the succeeding hydrolysis pro-
cess [52, 53, 61]. Most of the lignin contents dissolve in the
liquid phase and are separated from the cellulose and hemi-
cellulose. Lignin is one of the value-added products beside
sugars; the lignin recovery and use should be concerned to
increase the value of lignocellulose [61, 62]. A number of
different pretreatment methods are collected and shown in
Table 2. Based on the reaction’s nature, the pretreatment could
be categorized into three primary classes, including biological
[52, 63-65], physical [52, 63—-66], and chemical [52, 63—67]
processes.

Biological pretreatment techniques use microorganisms to
destroy the lignin matrix. The microbes are often fungi such as
brown-, white-, and soft-rot fungi because they often have
lignin-degrading enzymes such as peroxidases and laccase.
These enzymes can break the lignin structure at neutral pH
and in both aerobic and anaerobic conditions. It is a cheap and
environment-friendly method. However, its delignification ef-
ficiency is lower than other methods, and it also requires lon-
ger treatment time [3 1, 68—70]. A study conducted by Su et al.
showed that three lignin-degrade enzymes were secreted si-
multaneously by Myrothecium verrucaria during the bio-
pretreatment process. After 96 h, at 29 °C, 42.3% of lignin
in corn stover was removed by these fungi [70].

Hydrothermal physical pretreatment techniques include ir-
radiation and steam explosion, among others. They do not
have so much effect as breaking the lignin structure, but they
make the material swell, thereby facilitating the next treatment
step [52, 53]. Therefore, this method is preferred to accompa-
ny mild chemical reagents to obtain a high yield of reducing
sugars.

Chemical pretreatment techniques often use chemical re-
agents such as an acid (e.g., carbonic, hydrochloric,
hydrofluoric, nitric and phosphoric, sulfuric), alkali (e.g., cal-
cium, sodium, and ammonia hydroxide), and solvents among
others. These method’s advantages are its high efficiency and
shorter treatment time requirement [31, 71, 72]. Among them,

alkaline pretreatment has been most often explored because it
is relatively cheaper than other methods. However, if enzy-
matic hydrolysis follows an alkali pretreatment, large amounts
of acid will be needed to adjust the mixture’s pH to ca. 5. If
acid hydrolysis will be applied, acid pretreatment will be more
suitable. Also, as mentioned earlier, hemicellulose structure is
easily broken through chemical pretreatment, and pentoses are
dissolved in the pretreatment liquid phase. If, after chemical
delignification, the material is washed to remove lignin, a
significant amount of pentoses is also lost. Once pentose
(mainly xylose) is lost, hydrogen production from
lignocellulose-derived glucose and xylose could not achieve
high efficiency. Size reduction, such as chopping and milling,
and chemical methods are applied for a more effective pre-
treatment of lignocellulosic materials [46, 53, 59].

An alkaline pretreatment study was conducted to evaluate
deligninfication by Kim and Lee [73]. In this study, aqueous
ammonia soaking (AAS) was applied. AAS is a chemical
pretreatment method using aqueous ammonia like reagent to
break the lignin structure surrounding cellulose and hemicel-
lulose efficiently. Because this method does not operate at
high temperature and ammonia is not a potent reagent like
other chemical pretreatment methods, AAS can remain signif-
icant hemicellulose fraction in the solid. Kim and Lee’s ex-
periment on corn stover showed that this method removed
62% of lignin but retained 100% glucan and 85% of xylan
after 12 h [73]. In Yadav et al.’s report, 0.2 M potassium
(KOH) was employed to remove lignin in rice straw for 4 h
at room temperature (around 30 °C). The result was nearly
80% lignin elimination and 2% sugar loss [74]. Besides the
mentioned studies, there are many other pretreatment pieces of
research on lignocellulosic materials. A summary of some of
them is collected in Table 3.

2.2.2 Hydrolysis techniques

Hydrolysis is an essential step in biohydrogen production
from lignocellulosic-derived glucose and xylose [80, 81].
Through the hydrolysis process, for which there are various
methods, namely, chemical, biological, and physical methods,
cellulose and hemicelluloses release hexoses (mainly glucose)
and pentose (mainly xylose) for further biohydrogen produc-
tion. Typically, physical methods (temperature, pressure) are
combined with biological or chemical methods. Either en-
zymes or chemical reagents are used as catalysts. Examples
of the latter are acids (e.g., sulfuric acid, hydrochloric acid)
and alkali (e.g., sodium hydroxide) [59, 82, 83]. The advan-
tages and disadvantages of these methods are presented in
Table 4.

As presented in Table 4, it is favorable to use chemical
methods for hydrolysis. The enzymatic hydrolysis method
is environment friendly but still expensive because of the
high cost of enzymes. Although chemical methods will
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Table 3 A summary of some pretreatment researches on lignocellulosic materials

Pretreatment Lignocellulose Experimental conditions Lignin removal (%) Sugar retaining (%) Ref.

Biological ~ Corn stover Myrothecium verrucaria; 4 days; 29 °C 42.3% - [70]
Radiata pine Trametes versicolor; 5 weeks; 25 °C 22% 77% [75]
Bamboo culms Punctularia sp. TUFC20056; 12 weeks; 21 °C >50% - [76]

Chemical Corn stover NH; 15%;12 h; 60 °C; 1:6 wiv 62% 100% glucan and 85% of xylan [73]
Rice straw KOH 0.2 M; 4 h; 30 °C; 1:10 w/v 80% 98% [74]
Corn stalk NaOH 5%; 24 h; 60 °C; 1:20 w/v 71.8% 79.6% [77]
Corn stalk H,S04 5%; 24 h; 60 °C; 1:20 w/v 64.3% 71.6% [77]
Sugarcane bagasse NaOH 1%; 0.5 h; 121 °C; 1:10 w/v 62.3% - [78]
Polar NaOH 0.4 M; 170 °C; 7 min (combined microwaves) 61.9% - [79]
Elephant grass NaOH 3%; 1 h; 121 °C; 1:10 w/v 81.0% 72.3% glucan [62]

Xylan: no data

require corrosion-resistant reaction vessels, they give
higher sugar yields at shorter reaction times. Hydrolysis
methods involving enzyme, dilute, or concentrated chem-
ical reagents, e¢.g., NaOH, HCI, etc., were employed by
Nuwamanya et al. to derive sugar from non-food parts of
cassava (untreated) [83]. They reported 47% sugar recov-
ery in non-food parts of cassava (untreated) through the
enzymatic method and 56% through either NaOH or HCl
hydrolysis. Acid hydrolysis has an advantage over alkali
hydrolysis in terms of reducing xylose yield from hemi-
cellulose. There are significant amounts of xylose in lig-
nocellulosic materials; as earlier discussed, if these fer-
mentable sugars are released, biohydrogen yield will be
increased, and biohydrogen production from lignocellu-
lose will be more economical. The two-stage sulfuric acid
hydrolysis method has been applied in several studies to
get a high yield of lignocellulosic-derived sugars [59, 84].
In a study of cassava stem (CS) hydrolysis, at 20 g
CS L', complete hydrolysis (glucan 96%, xylan 85%)
was achieved; at higher CS dosage (100 g CS-L™' and
200 g CS-L™"), the hydrolysis of glucan and xylan was
slightly reduced at 76-78% and 75-91%, respectively
[59]. However, in biohydrogen production via photocata-
lytic reforming, a mildly basic condition is favorable for
biohydrogen reforming because the photocatalytic reac-
tion is better in a little high pH [11, 27, 28]. It is a con-
venience in pH adjustment if alkali hydrolysis is applied.

Table 5 shows the results of some lignocellulosic hydro-
lysis. Although significant efforts have been made for
hydrolysis of lignocellulosic-derived glucose and xylose,
a mechanistic and kinetic understanding of the process is
required to implement this technology at large scale
further.

2.2.3 Detoxifying hydrolysate techniques

Because of its high efficiency, chemical hydrolysis has been
used to saccharify various lignocellulosic materials [59, 82,
83, 86]. However, this method, hydrolysate staying in an acid-
ic or basic environment and at high temperatures and pres-
sures, also leads to the formation of substances that inhibit
the succeeding biohydrogen forming via biotechnological
process [87, 88].

The generation of inhibitors from the hydrolysis of
lignocellulosic material is illustrated in Fig. 4 [87, 88].
The purpose of hydrolysis is to break cellulose and
hemicellulose chains to release sugar units. However,
sugars and lignin components are also degraded to inhib-
itors for fermentation microorganisms. Six carbon sugars
(glucose from cellulose, mannose, and galactose from
hemicellulose) may be converted to hydroxymethyl fur-
fural (HMF). Five carbon sugars (xylose and arabinose
from hemicellulose) may be converted to furfural.
Moreover, phenolic compounds may form from lignin

Table 4 Advantages and disadvantages of various methods for hydrolysis of lignocellulosic materials

Hydrolysis methods Advantages Disadvantages Ref.
Chemical * Higher sugar yield « Corrosive [46, 50, 52, 82, 83]
* Short time * Requires neutralization for the next step

* Not corrosive
* Do not produce inhibitors

Biological/enzymes

* Produce inhibitors

* Requires long reaction time;
* Low sugar yield

* Expensive

[50, 52, 82, 83]
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Table 5 Result of some lignocellulosic hydrolysis studies

Hydrolysis Lignocellulose Experimental conditions Reducing sugar (%) Ref.

Biological Poplar Enzymes; 42 °C; 24 h >71% [79]
Oat straw (acid-alkali pretreatment Enzymes; 50 °C; 3 days 86.3% [85]
Non-food parts of cassava (untreated) Enzymes; 5 days 47% [83]

Chemical Non-food parts of cassava (untreated) NaOH 1 M; ratio 1:1 w/v; 5 days 56% [83]
Non-food parts of cassava (untreated) HCl 1 M; ratio 1:1 w/v; 5 days 56% [83]
Cassava stem Two stage sulfuric acid, 1 h, 111 °C >75% [59]

components and may also be among microorganisms’
inhibitors [46, 87, 88]. The effect of inhibitors on chem-
ical hydrolysates in hydrogen production via photocata-
lytic reforming routes seems not mentioned. However,
the impurity of hydrolysates and color from inhibitors
has certainly hindered biohydrogen production via these
routes. Compared to the photocatalytic reforming route,
the effect of inhibitors in chemical hydrolysates on hy-
drogen production and biofuels via fermentation has been
confirmed in many studies [46, 59, 87]. Hence, detoxifi-
cation is an essential step in hydrogen production from
chemical hydrolysates of lignocellulose. In many studies,
inhibitors are removed via overlying and adsorption by
activated carbon or charcoal. However, sugars are also

Fig. 4 The generation of
inhibitors from chemical
hydrolysis of lignocellulosic
material

material

Cellulose

-

lost in this process [59, 74, 89]. The efficiency of furfu-
ral removal by overlying and activated charcoal was
evaluated by Tanaka et al. on cassava stem acid hydro-
lysate [59]. All furfural was eliminated in this study, but
there was a declination of glucose from 63.2 to
46.0 g L', Yadav et al. was conformed that the furans
and phenols in rice straw acid hydrolysate were detoxi-
fied by overlying and activated charcoal [74]. Furans was
reduced from 0.2 to 0.025 mg L' (88.4% removal) and
phenolics was decreased from 0.95 to 0.14 g L™" (84.6%
removal). The sugar was also lost from 31 to 30 g L™
(3%). Thus, costs and efficiency must be considered to
apply or not detoxification steps to prepare glucose and
xylose for biohydrogen production.

Glucose Mannose Galactose Xylose Arabinose

v
/] \_ o

Hydroxymethyl furfural (HMF)

HO

Levulinic acid
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Microbial Electrolysis

C¢H,,0; + 2H,0 + organism — 2CH,COOH + 4H, + 2CO,
Anode: CH,COOH + 2H,0 — 2CO, + 8¢ + 8H"

Cathode: 8¢ + 8H" — 4H,

Dark-Fermentation
C,H,,0, + 2H,0 + organism — 2CH,COOH + 4H, + 2CO,

Photo-
Reforming

‘ Biohydrogen .
H,

g

Photocatalytic Reforming
C.H,,0, + 6H,0 + light + catalyst — 12H, + 6CO,
C;H,,0; + 5H,0 + light + catalyst — 10H, + 5CO,

Photo-Fermentation
C,H,,0, + 6H,0 + light + organism — 12H, + 6CO,
C,H,,0; + 5H,0 + light + organism — 10H, + 5CO,

Fig. 5 The possible chemical reactions to generate biohydrogen (H,) by conversion engineering of monosugars (glucose and xylose)

3 Current status of post-methods to produce
biohydrogen from lignocellulose-derived
monosugars

As a globally sustainable resource, the lignocellulosic-derived
sugars have been proposed as an alternative feedstock to pro-
duce biohydrogen. To promote this perspective approach, ma-
terial treating technology is a crucial matter [90]. Depending
on conversion engineering of monosugars (glucose and xy-
lose) to hydrogen (e.g., fermentation, microbial electrolysis, or
photocatalytic reforming), a suitable hydrolysis method (ac-
company with or without appropriate pretreatment and detox-
ification steps) should be considered. Overall chemical reac-
tions involved in production of biohydrogen, including the
photo-fermentation, dark fermentation, microbial electrolysis,
and photo-reforming, are compiled in Fig. 5.

To date, monosugars, such as glucose and xylose, have
been pursued in many studies and achieved specific results.
The details of some recent researches on post-methods to pro-
duce biohydrogen from lignocellulose-derived glucose and
xylose are summarized in Table 6.

In summary, as considering hydrogen production via the
fermentation route, the maximum theoretical hydrogen con-
centration per sugar is 12 mol mol™' (66.6 mmol-g ") for
glucose and 10 mol mol™' (62.4 mmol g™ ') for xylose. In
another approach, microbial electrolysis is promoted by the
reduction of protons to generate hydrogen, called bioelectro-
hydrogenesis [101, 102]. This concept could effectively

utilize the wastewater and agro-industrial residues that contain
biopolymers (e.g., cellulose and starch) to produce
biohydrogen [97]. The most challenging of this process is
maintaining the stability of the electrical potential at both the
bioanode and biocathode chambers [103, 104]. Recently, the
light-driven conversion of lignocellulose has received consid-
erable attention. In a previous study, Huang et al. proposed the
general scheme of a photocatalytic system that combines bio-
mass oxidation and water splitting, as seen in Fig. 6a [105].
First, the reaction is theoretically initiated by the excitation of
the photocatalytic semiconductors under the light irradiation
condition (the light energy (hv) > the bandgap energy (Ey,) of
photocatalysts). Then, an electron (e), which drops a hole
(h™), is pushed from the valence band (VB) to the conduction
band (CB) of photocatalyst, which leads to generation of
(€7)-(h™) pairs. Therefore, the presence of lignocellulose-
derived substances as electron donors (sacrificial reagents or
hole scavengers, denoted here as CyH,0,) could react irre-
versibly with (h*) to produce CO, and H,O. This chemical
reaction occurs either directly or indirectly via the forming of
hydroxyl radicals (*OH). The remaining (e ) simultaneously
reduce protons (H") to generate H, molecules, followed by the
H, evolution. In typical, Kasap et al. reported a cyanamide-
functionalized carbon nitride, NCNCNX, for the biomass photo-
reforming [99]. The possible mechanism of H, generation via
the photo-reforming of lignocellulose over ““NCN, and H,
production cocatalysts is illustrated in Fig. 6b. The H, yield
could reach to 202 umol gCN, ' h™'. This idea offers new
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Table 6 Recent studies on biohydrogen production from lignocellulose-derived glucose and xylose

Post-methods Lignocellulose Experimental conditions H, yield Ref.
(MOI gbiomassil)

Fermentation Cassava Dark fermentation; Clostridium lentocellum strain Cel10; 72 h, 37 °C 4.08 mmol gbiomassfl [91]
residues
(treated)
Corn stover Dark fermentation; Clostridium butyricum; 20 h; 37 °C 1.2 mmol gbiom,“;' [92]
(treated)
Comn stalk Thermoanaerobacterium thermosaccharolyticum; 72 h; 55 °C 6.38 mmol gbmmaS;' [93]
(untreated)
Rice straw Enterobacter aerogenes; 48 h; 37 °C 4.9 mmol Zpiomass ' [92,
(treated)
94]
Sorghum stalk  Bacillus subtilis AuChE413; 24 h; 37 °C 1.8 mmol gbicmas;' [92,
(treated)
95]
Comn stalk (treated) 339.5 mL gpiomass " [96]
Photo-ferm-
entation;
Rhodobact-
er
sphaeroides
HYO01;
6000 Ix
Microbial electrolysis  Glucose » Single chamber microbial electrolysis cells: the anodes (2 cm % 1 cm, 0.03 m® day ' m> [97]
Galactose FuelCells, TX, USA), the cathodes (2 cm x 1 cm, FuelCells, TX, USA) 0.07 m* day_1 m>
Mannose contained 0.5 mg-cm 2 Pt catalyst; applied voltage of 0.7 V 0.05 m* day ' m>
« Carbohydrate: 3.3 mmol L™";
« The medium solution: 100 mmol L™ ionic strength, consisted of: NH4Cl
(031 g L"), NaH,PO,H,O (5.84 g L"), Na,HPO,-7H,0 (15.47 g L),
KC1(0.13 g Lfl), a mineral solution (12.5 mL) and a vitamin solution

(12.5 mL).
Xylose * Single chamber microbial electrolysis cells: The anodes (2 cm x 1 cm, 0.02 m® day ' m™
Arabinose FuelCells, TX, USA), the cathodes (2 cm x 1 cm, FuelCells, TX, USA) 0.01 m> day" m>

contained 0.5 mg cm 2 Pt catalyst; applied voltage of 0.7 V

* Carbohydrate: 4 mmol L

« The medium solution: 100 mmol L™ ionic strength, consisted of: NH4Cl
031 g L"), NaH,PO,H,O (5.84 g L"), Na,HPO, 7H,0 (15.47 g L1,
KC1(0.13 g L"), a mineral solution (12.5 mL) and a vitamin solution

(12.5 mL).
Photocatalytic Grass Pretreatment of grass: washing at 55 °C with H,O and then with methanol, 1.78 ml ggm;l [25]
reforming and drying overnight at 120 °C.
(photo-reforming) Reaction conditions: 0.36 g of washed and dried grass per 200 ml H,O,
150 mg 0.2%
Pt/TiO,, temperature = 60 °C; 180 min
Wooden « Catalyst: CdS/CdOx QDs 531 mmol g ' h''; [98]
Branch * Wooden Branch: 50 mg ml! 0.49 mmol gbiom“{l

» Additive: Co(BF4),
* Media: KOH (10 M)
« Light: AM 1.5G, 100 mW cm >
Sawdust * Catalyst: CdS/CdOx QDs 0.75 mmol gcafl h'
» Sawdust: 50 mg ml ™! 0.07 mmol gbimms;l
» Additive: Co(BF4),
* Media: KOH (10 M)
« Light: AM 1.5G, 100 mW c¢m >
Sawdust « Catalyst: activated ““NCN, (5 mg) 202 pmol gene ' h7Y [99]
* Additive: DuBois-type Ni proton reduction catalyst (NiP, 50 nmol)
» Media: potassium phosphate (Kpi, 0.1 M, pH 4.5, 3 mL)
« Light: AM 1.5G, 100 mW c¢m
Rice husk « Catalyst: 0.5% Pt/TiO,; 2 g L™ 0.095 mmol ge,e ' ™' [100]
* Pretreatment of rice husk: used as received.
« Light: natural solar light, 450 W m 2 in the visible range, and 25 W m 2 in
the UV.
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Table 6 (continued)

Post-methods Lignocellulose Experimental conditions H, yield Ref.
(mmol gbiomassil)

Alfalfa stems  « Catalyst: 0.5% Pt/TiO,; 2 g L 0.100 mmol gcaf] h'!
* Pretreatment of biomass: air-dried at room temperature, milled and then
sieved at 70 mesh (0.2 mm).
* Light: UV-A (366 nm, 4 x 15 W)
Fescue grass  » Catalyst: 0.2% Pt/TiO,; 0.75 g L™ 0.061 mmol g, ' h'; [25]
« H,0, 60 °C 0.076 mmol Zyiomass '
* Pretreatment of the grass: washed with water, pure methanol (to extract the
chlorophyll) at 55 °C in a sonic bath, dried at 120 °C overnight and ground
in a mortar.
* Light: 150 W Xe arc lamp

perspectives for clean biohydrogen fuel production from 4 Conclusions and future perspectives

waste sources in the future. Comparing to the maximum the-

oretical hydrogen concentration, the results in Table 6 are still ~ In conclusion, the biohydrogen has proven to be a perspective
low. Therefore, either fermentation, microbial electrolysis, or ~ energy source for altering exhausting fossil fuel-based hydro-
photocatalytic reforming route, it is a long-term effort toreach ~ gen. Biohydrogen could be produced by varied renewable
theoretical yield in bioconverting glucose and xylose in ligno- ~ biomass sources, leading to minimize and eradicate global
cellulosic hydrolysate into biohydrogen. warming. Hence, there has been significant progress and effort

Fig. 6 (a) The scheme of possible

reaction pathways by excitation (a )

water splitting biomass oxidation
of the photocatalysts with light i
energy. Reprinted with

H, 2 H,0
permission from Huang et al. —) =

[105]; license no.: electron S2H:

4922140173731. (b) The possible energy
H, generation mechanism via the
photo-reforming of lignocellulose
over YNCN, and H, production
photocatalysts. Reprinted with E(O/M0)1E,
permission from Kasap et al. [99];

copyright (2020) American

Chemical Society

EH/H) T Ea £

SR: surface recombination
VR: volume recombination

(b) Bulk N:CNCNX

activation via
uItra-sqnication

v
Activated NCNCN,

& NiP H,
e ) MoS, C
L ‘ Ht
h* -h*/‘:: v Pt
S e g H,-evolution
; e catalysts
oxidized organics Photocatalyst

+H*
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to explore biohydrogen production at the international and
national levels. Herein, lignocellulose-derived monosugars,
which are abundant renewable sources, have been considered
as a promising feedstock for the second-generation
biohydrogen production. However, to obtain these
monosugars, these lignocellulose materials need to be pre-
treated through complicated processes. Many pre-treating
techniques for lignocellulosic material and their advantages
and disadvantages, including pretreatment, hydrolysis, and
detoxification methods, to figure out an overview picture of
recent material treatment methods for biohydrogen production
from lignocellulose, have been successfully reviewed and
discussed. Besides, the concept to sustainably generate
biohydrogen from lignocellulose represents a significant
breakthrough. Notably, the selection of different lignocellu-
lose types and processes, which could significantly affect the
outcomes, is also favorably highlighted. So far, microbial fer-
mentation (including photo-fermentation and dark fermenta-
tion), microbial electrolysis, and photocatalytic reforming are
four of the most sustainable post-treatment routes to convert
monosugars (mainly glucose and xylose) in lignocellulosic
biomass into biohydrogen.

To understand the suitable biomass lignocellulose, pre-
treating biomass techniques, and post-methods, and to opti-
mize the operating parameters are required to enhance the
conversion efficiencies, low down the cost. Typically, the re-
search and development of designing reactors, understanding
kinetics, and revealing reaction pathways are suggested to
promote this concept further. Currently, the research on the
sustainable generation of biohydrogen via photocatalytic
reforming is still in an early stage. It is expected that innova-
tive photocatalytic materials and photocatalytic reaction con-
ditions would enhance the conversion to biohydrogen. For
microbial electrolysis, the most challenges of this process
are high cost and maintaining the stability of the electrical
potential at both the bioanode and biocathode chambers.
Therefore, considerable efforts are still needed and deserved
further studies to make this concept highly efficient, ecologi-
cally friendly, technologically reliable, and relatively low-cost
feasible.
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