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Abstract Renewable energy, especially biofuels, has the potential to supplement a
part of the existing fossil-based transportation fuels. Biofuels such as bioethanol can
be produced from established glucose fermentation processes; however, cheap and
efficient glucose production is a hindering factor. Cellulose, the world’s most
abundant organic material, is a polymer of glucose and is locked within the ligno-
cellulosic framework of plants. Pre-treatment is required to facilitate effective
cellulose saccharification. Semiconductor photocatalysis, an advanced oxidation
process, is a potential method for cellulose breakdown and the focus of this chapter
will be on harnessing photocatalysis for cellulose-based renewable energy
production.

We reviewed over 100 publications along the lines of structural properties of
cellulose polymorphs, current pre-treatment strategies, conversion methods from
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native cellulose I to an easily degradable polymorph cellulose II, and how semicon-
ductor photocatalysis, an advanced oxidation process, can facilitate cellulose break-
down for saccharification and energy generation. Early reports in the 1980s utilized
cellulose as sacrificial electron donor for the photocatalytic H, production over TiO,
and noble metal co-catalysts; however, recently visible light activated photocatalysts
have been used. An often-overlooked area with photocatalysis is cellulose sacchar-
ification. Only a handful of reports talk about saccharification over P25 TiO,, which
is predominantly due to the lack of control over process conditions leading to
undesired products. Addressing the recalcitrance of cellulose, by converting native
cellulose I to cellulose II using a simple dissolution and regeneration technique, can
be advantageous for enhancing valorization via semiconductor photocatalysis. For
example, ~1.5-fold increase in photocatalytic cellulose saccharification was
observed with cellulose II compared to cellulose I over P25 TiO,. A similar increase
in photocatalytic H, production rate by over twofolds was also observed when
cellulose II was used in suspension with Pt/TiO,. With advances in the development
of semiconductor photocatalytic materials, especially in visible light activated mate-
rials such as CdS, reactor design, light emitting diode technology, and a novel
“simple to produce” feedstock such as cellulose II, vast possibilities have opened
up in this novel area of photocatalytic cellulose saccharification and H, production.
Overall, the chapter aims to instil interest in the readers that combining cellulose II
and semiconductor photocatalysis can be a feasible way forward to contribute
toward renewable energy production.

Keywords Cellulose II - Renewable energy - Cellulose photocatalysis

1.1 Introduction

Anthropogenic activities combined with increased exploitation of fossil fuel stock
has led to an increase in greenhouse gas emissions. Moreover, global politics also
influences the movement of fossil fuel stocks and determines the fluctuating price of
fuels. Assessments reported during the late 1990s highlighted that the seriousness of
fossil fuel depletion will be experienced by the start of 2030 (Wigley et al. 1996).
Furthermore, the International Energy Agency’s (IEA’s) World Energy Outlook
Report from 2018 estimated that by 2040, 40% of the global power generation
will be contributed by renewables, which is ~1.5 times higher than the current share
(International Energy Agency). Consequently, there is a rise in global investments to
boost the renewable-energy-based power generation (van der Hoeven 2013). There-
fore, to increase the possibility of alternative energy production and to achieve the
energy targets set nationally and internationally, sustainable renewable energy
production is crucial. Brundtland’s commission defines sustainable development
as “meeting the needs of the present without compromising the needs for the future”
(Brundtland 1987). Although a variety of renewable energy alternatives in the form
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Fig. 1.1 Structure of cellulose I with the intermolecular and intramolecular hydrogen bonds and
B(1-4)-glycosidic bond between glucose monomers. (Reprinted with permission from Nagarajan
et al. (2017a), Copyright (2017) Elsevier)

of solar, wind, geothermal, and tidal energies are available, sustainable renewable
energy production is achievable via the utilization of waste biomass.

The primary component of waste biomass or lignocellulosic biomass in general is
cellulose, which is the world’s most abundant organic material (Lavoine et al. 2012).
Cellulose is an amphiphilic homopolysaccharide compound (Lindman et al. 2010).
B-D-glucose monomer units bonded by (1-4)-glycosidic bond as well as
intermolecular and intramolecular hydrogen bonds present in the polymer leads to
a rigid polymeric cellulose structure (Silverstein 2005). Highly ordered crystalline
regions and disordered amorphous regions are found along the chain of cellulose
(Sjostrom 1993). Figure 1.1 represents the structure of cellulose with chair confir-
mation and equatorial orientation of the glucose molecules. Intramolecular and
intermolecular hydrogen bonds are represented by the green dotted lines.

In higher plants, native cellulose naturally exists in the cellulose If form, whereas
microbes produce native cellulose Ia. The only similarity between cellulose o and
IB is the occurrence of parallel strands, whereas the lattice arrangement is different
with Ia exhibiting triclinic arrangement and If having a monoclinic structure. In
addition to the native polymorphs, due to a variety of physico-chemical treatments,
various cellulose polymorphs can be produced (O’Sullivan 1997) as shown in
Fig. 1.2. Cellulose II is the most commonly produced man-made polymorph from
both cellulose Ia and If via alkali treatment known as mercerization or solubilizing
and recrystallizing or regeneration, respectively, and has been extensively charac-
terized (Sjostrom 1993; Silverstein 2005; O’Sullivan 1997; Klemm et al. 1998).
Naturally occurring cellulose II has also been isolated from bacterial cultures in a
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few cases (O’Sullivan 1997; Shibazaki et al. 1998; Kuga et al. 1993). Cellulose 11
has an antiparallel strand arrangement and monoclinic lattice arrangement and
therefore differs from cellulose 1. Other polymorphs, namely cellulose III; and Iy,
can be reversibly produced from cellulose I and II via ammonia treatment, respec-
tively. Cellulose III polymorphs exhibit parallel strand arrangement and monoclinic
crystal structure (Wada et al. 2004). Cellulose III; and III;; materials, when further
heat treated, give rise to cellulose IV} and IVy. A detailed understanding of the
polymorphs’ properties is necessary for determining end use.

Among the characteristics possessed by cellulose, intermolecular and intramo-
lecular hydrogen bonding plays a central role in determining the supramolecular
structure of polymorphs. The hydrogen bonding networks for cellulose I and II are
shown along the a-c axis in Fig. 1.3, where the irreversible transformation of
cellulose I to cellulose II leads to the formation of antiparallel chains affecting the
hydrogen bonding patterns. In addition to the differences observed in hydrogen
bonding, cellulose II has a higher surface area and porous volume compared to
cellulose I, increased interplanar spacing or d-spacing, decreased crystallinity,
increased hydrophilicity, and weak hydrophobic van der Waals interactions that
make cellulose II a superior polymorph for use in renewable energy production
(Boissou et al. 2014; Dadi et al. 2006; Yamane et al. 2006; Wada et al. 2010;
Sakurada and Hutino 1936; Medronho and Lindman 2014, 2015; Lindman et al.
2010; Alves et al. 2015; Behrens et al. 2016).

The chapter so far has emphasized on the ever-growing need for renewable
energy production and also highlighted that cellulose in waste biomass must be
utilized to fulfil the needs. In addition to mentioning about the characteristics of
native cellulose, the possibility of a superior cellulose polymorph being a better
starting material based on the structure and molecular arrangement was highlighted.
With the feedstock now being established, effective utilization must follow. The first
step in the effective utilization of any feedstock for renewable energy production is
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Fig. 1.3 Intermolecular and intramolecular hydrogen bonding in cellulose I and II polymorphs.
(Reprinted with permission from Klemm et al. (1998), Copyright (1998) Wiley-VCH Verlag
GmbH)

pre-treatment. The following sections discuss the factors to consider when choosing
a pre-treatment method and also briefly discuss the existing cellulose pre-treatment
methods. The potential of heterogeneous photocatalysis as a novel pre-treatment
alternative to produce fermentable sugars from cellulose as well as produce H,
directly by using cellulose as the sacrificial electron donor (SED) based on the
limited reported literature is also discussed. Comprehensive discussion on the
production of superior cellulose II polymorph for biofuel production is also provided
and the potential of combining cellulose II and heterogeneous photocatalysis as a
way forward is also emphasized.
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1.2 Cellulose Breakdown: Role of Potential of Advanced
Oxidation Processes

Effective and complete utilization of cellulose is hindered usually due to its amphi-
philic and water insoluble properties. To ensure effective cellulose exploitation, an
appropriate pre-treatment method should be in place to enhance utilization. To
classify a method as a suitable pre-treatment technique, majority of the following
requirements must be met, namely (Silverstein 2005):

(1) Enable fermentable sugar release
(i) Minimal loss of fermentable sugars
(iii) Minimal or no undesirable product formation
@iv) Cost-effectiveness
(v) Feasible scalability
(vi) Energy efficiency

Considering the above-mentioned criteria, a variety of methods can be used for
pre-treatment. Among available methods, steam explosion with dilute acid is com-
monly used. During steam explosion, biomass is treated with high-temperature and
high-pressure steam followed by rapid depressurization to physico-chemically
pre-treat biomass. Although preferable, inevitable loss of fermentable sugars due
to degradation and formation of undesirable inhibitory by-products is a limitation
(Sun and Cheng 2002). An overview of conventional pre-treatment processes
highlighting the advantages and disadvantages of each of the processes can be
found in Table 1.1. Numerous review articles are also available in the area of
biomass pre-treatment, so that the reader can refer to those if interested (Silveira
et al. 2015; Kumar and Sharma 2017; Alvira et al. 2010; Chen et al. 2017; Sun and
Cheng 2002).

Although numerous established pre-treatment methods are available, contempo-
rary processes still continue to emerge. An example would be the emergence of
advanced oxidation processes (AOPs) as pre-treatment methods. AOPs are methods
that generate highly oxidizing hydroxyl radicals in-situ and are often deployed in
wastewater treatment applications to oxidize and completely mineralize pollutants
(Oturan and Aaron 2014). The target for AOPs in cellulose pre-treatment would be
to however reduce the crystallinity index and facilitate efficient saccharification to
mediate subsequent fermentation. The in-situ non-specific OH radicals produced by
AOPs may lead to saccharification of cellulose without affecting the crystallinity,
and further microbial inhibitors such as acetic acid or 5-hydroxymethylfufural may
be formed in the highly oxidizing environment. Therefore, controlled AOPs are
required for effective pre-treatment. The hypothesis behind AOPs as cellulose
pre-treatment techniques has a firm base and therefore a range of AOPs have been
identified to suit the purpose, namely degradation under ionizing radiation (von
Sonntag and Schuchmann 2001; Ershov 1998), electrochemical saccharification
(Meng et al. 2011; Wang et al. 2011), cavitation (Kojima et al. 2019; Zhang et al.
2016b), Fenton-based reactions (Hastrup et al. 2010, Arantes and Milagres 2006),
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Table 1.1 Advantages and disadvantage of conventional biomass pre-treatment methods

Pre-
treatment
category Method Advantages Disadvantages References
Physical Mechanical | Ease of handling | High energy Fan et al. (1981),
grinding the raw materials | requirement Miao et al. (2011)
Pyrolysis Rapid High temperature and Hideno et al.
decomposition requirement (2009)
Physico- Steam Less energy Decomposition of Sassner et al. (2008),
chemical | explosion requirement when | monosaccharides Kumar and Wyman
along with | compared to (2009), Chen et al.
dilute acids | mechanical grind- (2011), da Costa
ing; cost-effective Sousa et al. (2016),
Ammonia Relatively higher | Cost involved in Lietal. (2015), Gao
fiber yield of monosac- | ammonia recovery to | et al. (2010) and
explosion charides than make the process Alinia et al. (2010)
steam explosion environmentally
friendly
CO, Cost-effective Low yield of mono-
explosion saccharides when
compared to steam or
ammonia explosion
Ozonolysis | Environmentally Large quantities of
friendly; room ozone required
temperature and
pressure reactions
Chemical | Acid Higher yield of Toxic and corrosive; Saha et al. (2005),
hydrolysis monosaccharides | cost involved in acid Scordia et al. (2011),
recovery to make the Yang et al. (2012a)
process environmen- and Wu et al. (2011)
tally friendly; down-
stream pH adjustment
is required
Alkaline Works well to Salt formation and
hydrolysis remove lignin and | downstream pH
hemicellulose adjustment is required
Biological | White-rot Low energy Slow rate of hydrolysis | Ray et al. (2010),
and brown- | requirements Sindhu et al. (2016),
rot fungi Sahaet al. (2016) and
Enzymatic | Cellulases | High specificity Large quantities of Wan and Li (2012)
for cellulose enzyme required;
expensive

and photocatalysis (Kawai and Sakata 1980; Zhang et al. 2016a). Among the
mentioned AOPs, heterogenous photocatalysis is least explored for cellulose
pre-treatment due to the complexity involved. The limited literature available on
photocatalytic cellulose conversion has predominantly focused on using cellulose as
a sacrificial electron donor for H, production, which is understandable due to the
non-specificity of the radicals. Recent articles have also started exploring the
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possibilities of saccharification alternatively. A detailed discussion on the
photocatalytic cellulose breakdown for fermentable sugar and H, production can
be found in later sections of the chapter. Owing to the complexities surrounding
scale-up of photocatalytic processes, heterogeneity of cellulose photocatalytic sys-
tems, and effective separation technique of sugars, photocatalysis is often least
explored. A recent thesis submitted by Nagarajan in 2017 has, however, attempted
to overcome these complexities by coupling effective reactor design with the use of
cellulose II polymorph as feedstock and dialysis membranes to separate fermentable
sugars (Nagarajan 2017). The nature of the feedstock, namely cellulose itself, being
a key parameter is discussed in the next section. Especially, routes of cellulose II
production, current use of cellulose II in biofuel production and how cellulose
polymorphs can be used in conjunction with photocatalysis for effective valorization
are discussed.

1.3 Cellulose II for Energy Generation

Bioethanol is an attractive biofuel that has the potential to contribute toward
transportation fuel requirements. The precursor for bioethanol production is glucose,
whose polymer cellulose is abundantly available and locked within lignocellulosic
biomass in a highly crystalline cellulose I form. As mentioned in the previous
sections, cellulose I is recalcitrant to hydrolysis; however, converting cellulose I to
cellulose II—a more easily accessible polymorph of cellulose—can help in
exploiting the substrate fully. The following subsection will give an overview of
cellulose II production; however, a detailed discussion on the importance of cellu-
lose II as an alternative feedstock to cellulose I for bioethanol has been reviewed and
reported by Nagarajan et al. (2017a).

1.3.1 Routes for Cellulose II Production

The two oldest-known cellulose II production processes are the viscose process and
mercerization (Guenet 2008; Mercer 1850; Klemm et al. 2005; Cross et al. 1893a, b).
Aqueous NaOH is used in both these techniques to dissolve cellulose I and precip-
itate cellulose II. Many variants of these processes have also been reported since,
including dissolution of cellulose I in cold alkali (Wang and Deng 2009; Mittal et al.
2011; Dinand et al. 2002; Sharma et al. 2015; Halonen et al. 2012; Revol et al. 1987;
Yuetal. 2014; Jin et al. 2016). An overview of other routes of cellulose II production
is shown in Fig. 1.4 and briefed in Table 1.2, while the limits of cellulose I solubility
in various solvents for cellulose II production are shown in Fig. 1.5.

Although aqueous alkali has the capability to dissolve cellulose I, complete
molecular dissolution is not possible (Alves et al. 2015). To achieve a molecular
dissolution, either anhydrous ionic liquids or aqueous onium hydroxides have to be
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Cellulose 1l
production
Serneems Al Anhydrgus lonic Aqugous onium Acid Supercritical
liquid; IL hydroxide treatment water
treatment Treatment Tha
treatment at room temperature solubilisation
IL treatment at Tetrabutyl . .
’ ] Trifluoroacetic
Viscose process temperatures ammonium acid
lower than 100 °C hydroxide
IL treatment at Tertabutyl
Mercerisation temperatures phosphonium Phosphoric acid
higher than 100 °C hydroxide
Cold aqueous Tetraeth_yl
: phosphonium
alkali treatment .
hydroxide

Tri-n-butylmethyl
phosphonium
hydroxide

Tetra-n-hexyl
ammonium
hydroxide

Fig. 1.4 Various routes for cellulose II production from native cellulose or biomass. Note that ionic
liquid or onium hydroxide treatments can achieve molecular dissolution and complete conversion to
cellulose II and might be beneficial over other methods. (Figure based on Nagarajan et al. (2017a))

used (Abe et al. 2015). Salts with melting temperatures lower than 100 °C are known
as ionic liquids. These are green solvents with negligible volatility and high flexi-
bility. Due to the versatility possessed by ionic liquids, a range of cation—anion
combinations could be made to effectively dissolve cellulose I. Swatloski et al. first
reported a breakthrough research where methylimidazolium-based ionic liquid was
used for the irreversible production of cellulose II from native cellulose (Swatloski
et al. 2002). To date, methylimidazolium cations in combination with a variety of
anions have been frequently reported as ionic liquids for cellulose dissolution (Dutta
et al. 2012; Hou et al. 2012; Xiao et al. 2014; Park et al. 2012; Fu and Mazza 2011;
Bokinsky et al. 2011; Cheng et al. 2011; Samayam et al. 2011; Dadi et al. 2006,
2007, Shafiei et al. 2013; Liu et al. 2015).

The nature of the constituting anion—cation mix determines the solubility of
cellulose. Dissolution of cellulose II proceeds via the OH groups of Cg and C;
cellulose chains forming an electron acceptor—donor complex with the ionic liquids
(Pinkert et al. 2009). Upon dissolution, water or alcohol can be used to precipitate
cellulose II from the solution. Owing to high viscosity and anhydrous nature, the
cellulose-dissolving capability of ionic liquids is limited. To overcome the limitation
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Fig. 1.5 Representative solubilities of different cellulose I loading in various solvents such as
alkali metal hydroxide aqueous solution in the blue-shaded region, ionic liquids with water in the
orange-shaded region, anhydrous ionic liquids in the gray-shaded region, and aqueous onium
hydroxide solution in the yellow-shaded region for cellulose II production. (Modified from Abe
et al. (2015))

posed by the viscosity of ionic liquids, aqueous onium hydroxides can be used.
Aqueous onium hydroxides are deep eutectic solvents and possess similar properties
to ionic liquids and complement the amphiphilic property of cellulose thereby
serving the purpose. Being an aqueous solution, onium hydroxides have a lower
viscosity and higher cellulose-dissolving capability. The most commonly used
onium hydroxides for cellulose II production are tetrabutylammonium hydroxide
(TBAH) and tetrabutylphosphonium hydroxide (TBPH; Alves et al. 2015; Wei et al.
2015; Abe et al. 2012, 2015; Chang et al. 2019).

1.3.2 Cellulose II as Feedstock for Biofuel Production

There has been a lot of work lately on the use of cellulose II as feedstock for
fermentable sugar and biofuel production. An overview of some of the reported
work is shown in Table 1.3. As can be seen, when cellulose II was utilized as the
feedstock, an enhanced yield of fermentable sugars or bioethanol was reported in all
the cases. These reports established the importance of cellulose II as a renewable
energy feedstock. Further sections in the chapter discuss the use of least-explored
heterogeneous photocatalysis for fermentable sugar or H, production from cellulose
polymorphs.
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Table 1.3 Use of cellulose II for fermentable sugar and biofuel production

Solvent used for
cellulose 1T
End use Feedstock production Key takeaway References
Fermentable Avicel PH-101, | 16.5 wt% aqueous Enzymatic hydro- | Mittal
sugar production | a-cellulose, cot- | NaOH at 25 °C lysis rate of cellu- | et al.
using Genencor | ton linters, and under a nitrogen lose II was twice (2011)
GC220 cellulase | cellulose atmosphere higher than cellu-
enzyme extracted from lose 1
preparation corn stover
Fermentable Corn stalk Pyrrolidonium- Higher fermentable | Ma et al.
sugar production based ionic liquids sugar yield with (2016)
using commercial at 90 °C cellulose 11
Aspergillus niger
cellulase
Fermentable Spruce wood Methylimidazolium- | Significantly Shafiei
sugar production | chips or powder | based ionic liquids higher fermentable | et al.
using mixture of and N- sugar and (2013)
cellulase and methylmorpholine- | bioethanol yield
p-glucosidase N-oxide at 120 °C from cellulose 11
enzymes and produced from
bioethanol pro- ionic liquids com-
duction using pared to other
Saccharomyces feedstocks
cerevisiae
CCUG53310
Fermentable Triticale straw Anhydrous and Increase in fer- Fu and
sugar production aqueous 1-ethyl-3- mentable sugar Mazza
using enzymatic methylimidazolium | yield with decrease | (2011)
hydrolysis acetate with varying | in water content in
amounts of water the aqueous ionic
liquid mixture
Fermentable Microcrystalline | Aqueous TBPH and | Increasing rate of | Pena et al.
sugar production | cellulose dimethyl sulfoxide hydrolysis and fer- | (2019)
using a mixture (DMSO) mixture mentable sugar
of cellulase and yield with decreas-
p-glucosidase ing crystallinity
index of cellulose
I
Fermentable Guinea grass 1-ethyl-3- Improved ferment- | Odorico
sugar and methylimidazolium | able sugar and et al.
bioethanol acetate bioethanol yield (2018)
production with cellulose 11

1.4 Cellulose Photocatalysis and Renewable Energy

Photocatalysis and photocatalytic technology has developed significantly since the
initial publications in the 1970s (Lyashenko and Gorokhovat-skii 1975; Inoue et al.
1979; Fujishima and Honda 1972) and, as a result, has now been deployed for a
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range of applications (Daghrir et al. 2013; Matsuoka et al. 2007; Van Gerven et al.
2007; Zhao and Yang 2003). The most commonly reported applications are in
environmental remediation, reactor design, chemical and materials synthesis, and
energy production. In particular, photocatalytic water and air treatments have devel-
oped rapidly over the past four decades and now represent the most commercial and
industrial application in the field. In contrast, photocatalytic energy production is yet
to achieve the same level of development; however, it remains as one of the most
desirable applications, which is primarily due to two key reasons. Firstly, one of the
initial publications on photocatalysis was by Fujishima and Honda in 1972, which
demonstrated water splitting over an irradiated TiO, electrode (Fujishima and Honda
1972). In addition, achieving photocatalytic energy production could have signifi-
cant impact on the global objective of increasing renewable fuel generation. As a
result, photocatalytic research into energy conversion, renewable energy, and more
recently bioenergy energy production has become extensive with the majority of
publications focused on H, generation (Matsuoka et al. 2007; Bahruji et al. 2010;
Col6n 2016; Liu et al. 2019a).

Regardless of the application, photocatalysis efficiency is dictated by the absorp-
tion of light at a suitable wavelength and subsequent generation of electron—hole
pairs. In an aerobic-water system, typically, hydroxyl and superoxide radicals are
formed, which drive the efficiency of environmental remediation applications such
as water and air treatments (Fig. 1.6a). Photocatalytic H, formation, however, is
faced with several additional challenges in order to achieve the same level of
efficiency. The primary challenges associated with a H, evolving system include
the selectivity of the process, electron—hole pair recombination and competition
between the back-reactions of H, and O,. To discuss these further and to show
how the field has evolved, photocatalytic H, systems can be broadly divided into
either water splitting (Fig. 1.6b) or sacrificial electron donor (SED) systems
(Fig. 1.6¢). In addition, Fig. 1.6d shows the equations that summarize the typical
reactions taking place in photocatalytic systems for both environmental remediation
and energy producing systems.

In water splitting, the key objective is for simultaneous photo-oxidation and
reduction reactions to take place, generating H, and O, under ambient conditions.
These systems, however, are often limited by both the rate of recombination and the
back-reaction of H, and O, to form H,O. In an attempt to suppress these limitations,
researchers will often operate in an inert atmosphere and deploy a photocatalyst
loaded with a metal co-catalyst, for example, Pt, Pd, Au, or Ni, to act as an electron
trap (Skillen et al. 2015). Even under these conditions, however, the unfavorable
thermodynamics of water splitting, due to a large change in the Gibbs free energy
with AG, = —238 kJ mol ', restricts the overall efficiency of the process. In an
attempt to overcome the stringent requirements associated with water splitting, SED
systems are often used. In a photocatalytic system, an SED can undergo an irrevers-
ible oxidation reaction that prevents recombination from occurring while also
supplying electrons and protons for the subsequent reduction reaction. While a
range of SEDs have been shown to be suitable, for example, alcohols and acids
(Chen et al. 2018; Skillen et al. 2016), the development of the field has seen a shift in
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Fig. 1.6 Typical photocatalytic mechanism that takes place in (a) environmental remediation, (b)
water splitting, and (c) sacrificial electron donor (SED); SED-based systems along with (d) the
equations that summarize the reactions. Processes shown include (i) formation of hydroxyl radicals
(OHpe) for both (a) pollutant and (¢) SED oxidation, (ii) formation of superoxide radicals (0,™), (iii)
O, formation from water splitting, and (iv) proton reduction to from H,. VB denotes valence band
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focus toward using more sustainable and green compounds. As a result, an increase
in papers reporting glycerol reforming to H, has occurred (Luo et al. 2008; Slamet
et al. 2017; Maurino et al. 2008; Bowker et al. 2008) and along with it, the use of
biomass or biomass-derived substrates such as cellulose (Caravaca et al. 2016;
Zhang et al. 2016a), lignin (Machado et al. 2000), and lignocellulose (Liu et al.
2019a; Kasap et al. 2018; Wakerley et al. 2017) has also increased. Recently, an
extensive review was published by Liu et al., which highlighted the growth of
photocatalytic conversion of lignocellulosic to H, and value-added products (Liu
etal. 2019a). Discussed in the subsequent sections are, what the authors feel, some of
the key publications within the field in relation to H, formation and biofuel gener-
ation. In addition, a more comprehensive overview of H, formation from cellulose,
lignocellulose, and raw biomass photocatalytic conversion has been tabulated in
Table 1.4.
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1.4.1 Photocatalysis of Cellulose I and Lignocellulosic
Biomass

While often described as an emerging topic, photocatalytic reforming of biomass to
H, was reported along with some of the earliest publications in the field (Lyashenko
and Gorokhovat-skii 1975; Inoue et al. 1979; Fujishima and Honda 1972). In 1980,
Kawai and Sakata demonstrated for the first time the evolution of H, from sugar,
starch, and cellulose using a RuO,/TiO,/Pt photocatalyst in a suspension of water
(Kawai and Sakata 1980). Interestingly, rather than producing a system that mim-
icked natural photosynthesis, as is often done with photocatalysis, the authors
developed one aimed at operating alongside it. The photocatalytic conversion of
sugar, starch, and cellulose to H, represented utilizing the carbohydrates produced
during photosynthesis via CO, fixation for the generation of a fuel. Furthermore, the
authors also suggested any CO, photocatalytically produced could be fed back into
plants or alternatively captured by NaOH to form Na,CO3; or NaHCOj3. The authors
referred to the process as photoinduced fermentation, which was considered an
alternative to traditional methods of fermenting sugar. Under optimum conditions
of 6 M NaOH and 4 = 380 nm with a 500 W Xe lamp, quantum yields of 1.5%,
1.3%, and 1.0% were obtained for the photocatalytic conversion of sugar, starch, and
cellulose to H,, respectively. Moreover, a quantum yield of 0.02% was obtained
when the photocatalyst was suspended in only water, to support that the formation of
H, was primarily occurring from the carbohydrates. Kawai and Sakata suggested
that the carbon chains of the carbohydrates were oxidized at the valence band leading
to H" and CO, formation, with H* then being reduced by electrons to form H, at the
conduction band. While the operating conditions could be considered to be unfa-
vorable with respect to the use of harsh chemicals and poor energy efficiency, the
paper did highlight the potential of photocatalysis for biomass conversion.

Despite the early report by Kawai and Sakata on photocatalytic reforming of
poly- and monosaccharides, it was a number of years before additional papers on
biomass reforming were published. Even though a lack of photocatalytic cellulose
reforming/degradation based papers in the literature were not seen, there was
significant interest in photocatalytic glucose conversion (Kim et al. 2015; Zhou
et al. 2017; Colmenares et al. 2011; Iervolino et al. 2018; Jin et al. 2017; Fu et al.
2008; Chong et al. 2014; Da Via et al. 2017; Iervolino et al. 2016). The majority of
these papers focused on photocatalysts in combination with typical metals such as
Pt, Au, Ni, and Ru (Zhou et al. 2017; Iervolino et al. 2018; Da Via et al. 2017) to
monitor H, formation, often as a comparison study to other SEDs. Given the
structure of cellulose, there is obvious merit in investigating the photo-reforming
of glucose as a model compound. Interestingly, however, very few of these papers
looked at either the mechanism that may have occurred or a comparison between
glucose, cellulose, and lignin. In this regard, Caravaca et al. (2016) looked at the
formation of H, via photocatalytic reforming of cellulose, glucose, and raw biomass.
Using a 0.2% Pt-TiO, catalyst, the paper demonstrated that the evolution of H, was
occurring by initial in-situ hydrolysis via glucose. In a comparison study, the
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Fig. 1.7 Proposed photocatalytic oxidation mechanism for cellulose conversion where (a) shows
products such as glucose, cellobiose, and formic acid detected by Zhang et al. (2016a), (b) shows
5-hydroxymethylfuran from glucose as observed by Speltini et al. (2014), and (c) shows other
typical oxidized products detected during glucose oxidation based on the literature (Kim et al. 2015;
Zhou et al. 2017; Colmenares et al. 2011; Jin et al. 2017; Fu et al. 2008; Da Via et al. 2017; Chong
et al. 2014)

reaction orders for both glucose and cellulose were derived to be 0.24 and 0.2,
respectively, which suggested that the initial stage of photocatalytic cellulose
reforming was hydrolysis to glucose, which was followed by the reforming of
glucose to eventually H, and a range of oxidation products. Similar findings were
also reported by Zhang et al. (2016a) and Speltini et al. (2014) in 2015 and 2014,
respectively, who performed a systematic study of H, evolution from cellulose.
Speltini and colleagues confirmed that the initial stage in the conversion process was
a TiO,-mediated hydrolysis step followed by glucose reforming, which identified
5-hydroxymethylfurfural (5-HMF) as an intermediate in the mechanism. Figure 1.7
shows a potential mechanism and illustration for photocatalytic cellulose reforming
based on the results obtained from literature.

Photocatalytic H, production has often been coupled with attempts to utilize solar
irradiation as a means to drive the process and achieve a sustainable method of clean
energy production. While challenging, a number of papers have reported solar-
driven photocatalysis across a range of applications including water disinfection
(Malato et al. 2009), air treatment (Giménez et al. 1999), CO, reduction (Varghese
et al. 2009), and H, production (Skillen et al. 2016). Achieving solar photocatalytic
reforming of biomass-based materials, however, represents an extremely favorable
approach to renewable energy production. Despite papers on photocatalytic biomass
conversion to H, being limited, many have already shown the potential to use solar
light activated photocatalysts (Wakerley et al. 2017; Speltini et al. 2014; Zhang et al.
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Fig. 1.8 Simplified structure of lignocellulosic biomass with a cellulose core and subsequent layers
of hemicellulose and lignin along with the representative chemical structure of each component

2016a). Work by Speltini et al. and Zhang et al. demonstrated the evolution of H,
from cellulose using Pt-TiO, under natural sunlight in Pavia, Italy (45°11'N,
9°09’E), and St Andrews, Scotland (56°20’N, 2°48'W), respectively. Both investi-
gations exposed reaction solutions containing cellulose and a catalyst to natural
unconcentrated light to achieve ~16 pmole H, formation over 6 h (Zhang et al.
2016a) and 33 pmole H, formation over 4 h (Speltini et al. 2014).

While solar-driven conversion of cellulose to H, is a significant advancement,
there is an argument to be made that using pure cellulose, that is, a-cellulose for
photocatalysis, is not a true representation of typical biomass composition. Ligno-
cellulose composed of lignin, hemicellulose, and cellulose (Fig. 1.8) is the most
abundant form of biomass and as such represents a compound that, if valorized,
could significantly contribute toward renewable energy production. Therefore, there
are now papers that have focused on the conversion of lignocellulosic material to H,
using typical visible light catalysts such as C3N, with a Ni co-catalyst (Kasap et al.
2018) and CdS (Wakerley et al. 2017). Wakerley et al. reported the conversion of
lignocellulose to H; using Cds/CdOy, which promoted both visible photon absorp-
tion via CdS and proton reduction and lignocellulose oxidation via CdO, (Wakerley
et al. 2017). Prior to Wakerley et al.’s publication, the majority of photocatalytic
cellulose reforming work focused on the use of TiO, and standard cellulose sub-
strates such as a-cellulose or microcrystalline cellulose, with only a few publications
using alternative biomass substrates such as grass (Caravaca et al. 2016) and rice
husks (Speltini et al. 2014; Lu et al. 2014). Alternatively, Wakerley and colleagues
deployed CdS that was coated with CdOx as a photocatalyst along with a-cellulose,
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Table 1.5 Tabulated results obtained by Wakerley et al. (2017) in their study on the photocatalytic
reforming of lignocellulosic material

Substrate Hydrogen (mmol
Substrate Material concentration gmt’l hh
Standard a-Cellulose 50 mg mL™" ~2.25
feedstocks Hemicellulose—xylan from 25 mg mL™! ~2.1
beech wood
Lignin 0.25 mg mL ™" ~0.25
Biomass Printer paper 50 mg mL~" ~1.1
feedstocks Cardboard ~0.75
Newspaper ~0.3
Wooden branch ~5.2
Bagasse ~0.3
Grass ~ 1.0
Sawdust ~0.75

All reactions were performed using 0.5 pM Cds/CdO, in 2 mL 10 M KOH at 25 °C in an anaerobic
atmosphere and were irradiated for 24 h using a 100 mW cm ™2 solar light simulator

hemicellulose, and lignin as standard starting materials and also a range of biomass
substrates such as a printer paper, a wooden branch, and sawdust. The H, yields from
each substrate have been summarized and are tabulated in Table 1.5, which shows
activity under simulated solar light. While relatively low yields of H, were achieved,
the impressive study did, for the first time, achieve photocatalytic conversion of raw
biomass substrates under solar irradiation.

The use of CdS as the photocatalyst by Wakerley et al. was an interesting material
choice. In the first instance, CdS is a favorable compound with a natural bandgap,
E,g, of 2.4 eV suitable for visible light activation, and has been proven to be active
for H, production (Yang et al. 2012b) and is relatively inexpensive. Moreover, as
lignin absorbs strongly in the UV region, typically around 300-400 nm, therefore
lignin is unlikely to “block”™ visible photons from reaching CdS. In contrast, TiO,,
which also absorbs strongly in the UV region, may have reduced activity due to
competitive photon absorption. Incidentally, this is a limitation that has rarely been
reported in the literature as to date there are limited examples of TiO, being used for
photocatalytic lignin conversion. One of the few other examples, which used lignin
as a feedstock, did so using a ZnO catalyst doped with C, N, and S to improve the
visible light absorption properties of the material (Kadam et al. 2014). Kadam et al.’s
study found that lignin degradation mildly enhanced the photocatalytic water split-
ting process. Despite the advantages of CdS, however, limitations associated with
the stability and photo-corrosion of the compound have been well documented
(Li et al. 2011; Fu et al. 2013). In addition, the valence band position of CdS ,
typically +1.9 V versus normal hydrogen electrode (NHE), does not support the
formation of OHe. For OHe to be formed, the position of the valence band has to be
more positive than +2.38 V versus NHE. OHe are important reactive oxygen species
that have been suggested as the primary radicals responsible for cellulose oxidation.
To overcome the limitations of CdS corrosion and valence band potentials,
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(Ilustration is based solely on information from the publication and is not a reprint)

Wakerley and colleagues performed reactions in a strong alkaline solution with 10 M
KOH, which promoted the formation of Cd(OH),/CdO, referred to as CdOy, on the
CdS surface. The formation of Cd(OH),/CdO structure suppressed photo-corrosion
with the catalyst displaying activity for over 6 days of irradiation. Interestingly,
however, the authors also suggested that in the absence of OHe production, the CdO,
structure was responsible for the oxidation of lignocellulose material. An OHe probe
molecule, namely terephthalic acid, was used to confirm that no OH radical forma-
tion occurred at pH 14 when CdS/CdO, was formed. Alternatively, direct hole
oxidation at the surface of the catalyst was suggested as the dominant oxidation
process. The presence of CdO, on the surface of CdS was suggested to promote
effective binding between lignin and the catalyst via a Cd-O-R ligand, which would
mirror the typical Ti-O-R bonds often reported during TiO, photocatalysis (Zhang
et al. 2014, 2016a). Detection of products such as CO;>~ and HCO, ", which were
expected to form from the continued oxidation of alcohol and aldehydes, released
from lignocellulose confirmed the hypothesis. An illustrative representation of the
proposed mechanism is shown in Fig. 1.9.

In H; evolving photocatalytic SED systems, the role of the donor molecule is to
undergo an irreversible oxidation, which subsequently supplies electrons/protons for
the reduction reaction while suppressing the rate of recombination. In the case of
cellulose, however, platform chemicals and biofuel feedstocks can potentially be
produced from the oxidation pathway. To date, the work by Zhang et al., which
demonstrated cellulose conversion under natural light, is one of the few publications
to report H, production coupled with liquid phase product formation (Zhang et al.
2016a). Following irradiation in an anaerobic environment, high-performance liquid
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chromatography (HPLC) analysis of the liquid phase showed the presence of
glucose, cellobiose, and formic acid within the concentration range of 0.25 to
~1.2 pmol. Furthermore, over seven experimental cycles, glucose was detected in
each, while cellobiose was only present in cycles 1-3 and formic acid only present in
cycles 4-7. The presence of liquid phase compounds could be attributed to the
method of deployment of cellulose in the study by Zhang and colleagues. In contrast
to previous work, which typically used a cellulose—catalyst suspension in water
(Speltini et al. 2014; Caravaca et al. 2016), Zhang et al.’s study developed a
composite material, which consisted of a thin layer of cellulose grafted to the surface
of TiO, particles (Fig. 1.10). The authors described the immobilization process as a
two-step procedure involving condensation of surface hydroxyl groups and forma-
tion of intramolecular H-bonds between cellulose strands and TiO,. The approach of
anchoring compounds to TiO, has been well documented and is ascribed to the
formation of a “Ti-ligand” between the catalyst surface and compounds that have
multiple hydroxyl groups (Zhang et al. 2014). The simultaneous production of H,
and oxidation products by Zhang et al. was a significant achievement and demon-
strated for the first time that photocatalytic cellulose reforming had a dual purpose—
for renewable energy generation and as a pre-treatment method to release feedstocks
for biofuel generation.

1.4.2  Photocatalysis of Cellulose 11

In a recent piece of work by Nagarajan, (via internal communication), cellulose II
was produced from microcrystalline cellulose by dissolution in TBAH and precip-
itation with distilled water. Heterogeneous photocatalysis with suspended TiO, P25
photocatalyst and both cellulose I and II as feedstock was performed as a batch
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Fig. 1.11 The stacked frame photocatalytic reactor used for fermentable sugar production from
cellulose polymorphs

experiment in a beaker. In such a system, approximately fivefold increase in
fermentable sugar production was observed upon photocatalysis of cellulose II
when compared to cellulose I. With periodic separation of products using dialysis
membrane bags, the cellulose II system produced 1.7 times higher fermentable
sugars than the cellulose I system. Nagarajan’s work was the first ever system to
have observed and quantified fermentable sugars from cellulose II photocatalysis
(Nagarajan 2017). The cellulose II production method used in the above process was
similar to the one recently reported by Chang et al. (2019).

To further enhance the fermentable sugar yield, a stacked frame photocatalytic
reactor (SFPR) was designed and used for the purpose. The design of the reactor has
been reported by Nagarajan et al. (2017b). A schematic of the SFPR is shown in
Fig. 1.11. With minor changes to the reported design, a separation chamber, sepa-
rated by a dialysis membrane, was also included that aided in periodical removal of
the produced fermentable sugars upon heterogeneous photocatalysis. The yield of
fermentable sugars from cellulose II, upon photocatalysis, increased by ~3.5 times
when compared to the aforementioned beaker system using the same feedstock.
Similarly, when the SFPR was operated with cellulose I as the feedstock, approxi-
mately four times improvement in yield was observed when compared to the beaker
system. Comparing sugar yields from cellulose I and I in SFPR, fermentable sugar
yields with the former was found to be ~1.5 times higher than that observed with
cellulose I feedstock. These results clearly indicate that cellulose II could be used as
a superior feedstock for fermentable sugar production and thereby bioethanol
production.

In the recent work by Chang et al., cellulose I and II were used as SEDs for
photocatalytic H, production (Chang et al. 2019). Pt loaded TiO, was used as the
photocatalyst and the reactions were performed in a novel propeller fluidized photo
reactor (PFPR) irradiated with low power light emitting diodes (LEDs). The effect of
type and concentration of starting cellulose polymorph, washed cellulose, and the
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respective filtrate on the rates and yields of H, production was determined. The rate
of photocatalytic H, production from cellulose II was 0.13 mmol min~' and was
over twofolds higher than that achieved with cellulose I at 0.05 mmol min~'. The H,
production with both the cases followed zero-order production kinetics. Lower
crystallinity, particle size, and wettability possessed by cellulose II were established
as reasons for higher H, yields. In addition to the previously mentioned study by
Nagarajan in 2017, the study by Chang et al. has also shown that a novel process
combining cellulose II and heterogeneous photocatalysis for fermentable sugars/
energy production is possible. With further work focusing on photocatalytic reactor
design and effective sugar separation, more exciting results could be achieved as
well as new potentials could be unlocked to tweak the process toward sugar
production or H, generation selectively.

1.5 Conclusion

While research on the utilization of cellulose as a feedstock for renewable fuel
generation via photocatalysis has yielded some exciting and promising results,
there are still some significant technical challenges that need to be overcome prior
to the process being upscaled and commercially viable. While there has been much
research on photoactive materials for photocatalysis for solar fuel generation, there
has been significantly less activity on development of reactor technology for
upscaling the process. Two of the key issues are the technical scalability and then
the economic viability of the upscaled process.

To date, the photocatalytic yields of both H, and other fuel precursors have been
low, at best in the pM range. For the first step in demonstrating a potentially viable
process, a demonstrator unit capable of generating a minimum of between 1 and
5 m’h~! would need to be achieved. In designing a process that is both technically
and economically viable, the following key factors are deemed important:

¢ Mode of photocatalyst deployment

* Photocatalyst distribution within the reactor

 Irradiation sources to activate the photocatalyst and light distribution character-
istics within the reactor

* Mass transfer of cellulose within the photocatalytic reactor

* Reaction kinetics of the photocatalytic cellulose breakdown process

* Separation of the “fuel” precursors

The issue about cellulose solubility is a particular problem as the effective
interaction of cellulose with the surface of the photocatalyst prior to reaction is
greatly hindered. As detailed above, approaches such as ball milling prior to reaction
have enhanced reaction yields but these are still relatively small. Other solvent
systems will need to be investigated in detail; however, organic solvents also have
problems as the photocatalyst may start preferentially reacting with the solvent rather
than the cellulose. Effective visible light activated photocatalysts would probably be
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a requirement for being economically viable. Over the past 25 years, there has been
extensive research on visible light activated materials; however, to date the perfor-
mance of visible light photocatalysts still falls short of UV-activated materials such
as Evonik P25 TiO,. If UV materials are to be utilized, significant advances
happening in UV LED technology over the past decade have to be exploited,
which of course would require less power. Once the technical challenges of produc-
ing a large-scale reactor have been overcome, there are still issues that need to be
addressed to demonstrate that the process is also economically viable. Energy
balance needs to be established to demonstrate that there is more energy being
generated from the process than is being put in to generate the fuel. In addition,
demonstration of the cost per kWh of the fuel produced must be competitive with
alternative systems. Finally, a practical life cycle analysis (LCA) model will have to
be established for the photocatalytic process to provide an effective understanding of
the economic and environmental impacts of the complete process for photocatalytic
valorization cellulose. This is also not an inconsiderable challenge as there are
currently a lack of LCA models for photocatalytic renewable energy production.

Systems for generating fuels based on semiconductor photocatalysis for renew-
able energy generation not utilizing cellulose also face these challenges despite
being extensively researched for over the past 40 years for the reduction of water
to H,. To date there are still no larger-scale commercial systems. One example of a
larger-scale system that is being developed is the ARPChem project that involves
Professor Domen’s group at the University of Tokyo and a number of industrial
partners including Mitsubishi Chemical, Mitsui Chemical, Sumitomo Chemical, Fuji
Films, Inpex, and TOTO, which started in 2012 (Yamada and Domen 2018). The
aim of the ARPChem project is to establish an artificial photosynthetic plant by
2030. Some further interesting examples of larger-scale applications of solar H,
generation have been considered in a recent review by Liu and Xu (Liu et al. 2019b).

Overall, the chapter has emphasized on the growing interest within the research
community on the utilization of cellulose and lignocellulosic materials as feedstock
for photocatalytic fermentable sugar and H, generation. Furthermore, the authors
believe that cellulose II utilization could provide a favorable way forward in
combination with photocatalysis. The goal of the chapter is to instigate interest
among the readers on the potential of heterogenous photocatalysis as a cellulose
breakdown method. With huge gaps in the polymorph pre-processing, reactor
design, challenges in light distribution, and product separation, there is scope for
improvement in each of these areas with additional future research.
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