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Abstract: Researchers worldwide seek to develop convenient, green, and ecological production
processes to synthesize chemical products with high added value. In this sense, lignocellulosic
biomass photocatalysis is an excellent process for obtaining various outcomes for the industry.
One issue of biomass transformation via heterogeneous catalysis into valuable chemicals is the
selection of an adequate catalyst that ensures high conversion and selectivity at low costs. Titanium
oxide (TiO2), is widely used for several applications, including photocatalytic biomass degradation,
depolymerization, and transformation. Graphite carbon nitride (g-C3N4) is a metal-free polymeric
semiconductor with high oxidation and temperature resistance and there is a recent interest in
developing this catalyst. Both catalysts are amenable to industrial production, relatively easy to
dope, and suited for solar light absorption. Recent investigations also show the advantages of using
heterojunctions, for biomass derivates production, due to their better solar spectrum absorption
properties and, thus, higher efficiency, conversion, and selectivity over a broader spectrum. This work
summarizes recent studies that maximize selectivity and conversion of biomass using photocatalysts
based on TiO2 and g-C3N4 as supports, as well as the advantages of using metals, heterojunctions, and
macromolecules in converting cellulose and lignin. The results presented show that heterogeneous
photocatalysis is an interesting technology for obtaining several chemicals of industrial use, especially
when using TiO2 and g-C3N4 doped with metals, heterojunctions, and macromolecules because
these modified catalysts permit higher conversion and selectivity, milder reaction conditions, and
reduced cost due to solar light utilization. In order to apply these technologies, it is essential
to adopt government policies that promote the use of photocatalysts in the industry, in addition
to encouraging active collaboration between photooxidation research groups and companies that
process lignocellulosic biomass.

Keywords: biomass; lignocellulose; photocatalyst photooxidation; titanium dioxide (TiO2); carbon
nitride (g-C3N4); noble-metals; heterojunctions; macromolecules; selective conversion

1. Introduction

Biomass is a plentiful and carbon-neutral renewable energy source that may be used to
create platform chemicals and fuels, especially considering that up to 75% of initial energy
can be converted into biofuels. Lignocellulosic biomass comprises lignin, cellulose, and
hemicellulose; lignin is almost 30% of the organic carbon in the biosphere. However, this
lignin is regarded as waste material in several industries, for example, during paper TA
and agricultural production, leaving significant amounts of biomass that contaminates the

Catalysts 2022, 12, 1091. https://doi.org/10.3390/catal12101091 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal12101091
https://doi.org/10.3390/catal12101091
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-4613-3234
https://doi.org/10.3390/catal12101091
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal12101091?type=check_update&version=2


Catalysts 2022, 12, 1091 2 of 27

planet [1]. By 2035, bioenergy could provide 10% of the world’s primary energy, according
to the International Energy Agency (IEA), and biofuels may potentially replace up to 27%
of global transportation fuel by 2050 [2]. According to Granone et al. [2] around 100 billion
tons of biomass are produced worldwide each year, which makes it an available resource
for obtaining biofuels [3] and chemical products with high added value [4–6].

Hydrocarbon compounds obtained from biomass have been used as intermediate
molecules to produce chemical compounds and fuels. Biomass components (cellulose
and lignin) have significant applications in the manufacture of various bio-based mate-
rials for solar energy, energy conversion, and storage devices [7–11]; it is especially true
about lignin, and lignin derivates. However, lignocellulose is more challenging to trans-
form than municipal and other industrial organic wastes. Biomass’s advantage is not
being edible, avoiding the depletion of food sources to obtain commodity chemicals or
fuels [12]. Lignocellulose is very recalcitrant; thus, it is necessary to break down this
component into little fractions to facilitate its conversion into valuable products, such as
sugars, alcohols, phenols, furan derivatives, levulinic acid and γ-valerolactone, gluconic
acid, 2,5-Furandicarboxylic acid, and more [13–16] or direct use as lignin nanoparticles that
are useful for biomedical applications [17]. Some processes applied to lignocellulose trans-
formation are gasification, pyrolysis [18], and hydrolysis, which all require high pressure
and temperature fragmentation steps. Besides, the conversion and selectivity percentages
reached are low, which a challenge to making this process profitable with a high yield in
conversion and selectivity of degradation reactions [19]. The conservation of resources
and high energy cost necessitate testing new processes requiring milder reaction condi-
tions, such as biochemical and catalytic methods [20,21]. Heterogeneous photocatalysis
emerges as a clean and very selective technology to obtain specific products from biomass.
Titanium dioxide is the star catalyst used for biomass transformation because it is widely
available, inexpensive, nontoxic, chemically, and physiologically inert, and stable when
exposed to solar light. However, it has a band gap of 3.2 eV and can only absorb in the
U.V. light spectrum, decreasing solar light energy conversion efficiency [22]. Titanium
dioxide can produce several components under varying reaction conditions, making this
catalyst a base for developing new modified catalysts [22,23]. To address the apparent
disadvantages of titanium dioxide, several studies have investigated how to increase the
TiO2 performance during the conversion of biomass derivatives into additional products
by doping it with different metals or macromolecules [24–26], and even using this catalyst
as the base for developing new heterojunctions [27,28]. Studies have replaced TiO2 by
other catalysts, such as graphite g-C3N4, to improve selectivity and conversion [29–34] and
they are also interesting to review in order to have more options to transform biomass into
useful products.

For these reasons, the photocatalytic process for the selective conversion of biomass
derivatives is visualized as a sustainable and innovative technology because it is simple
and low-cost. Moreover, the solar energy used in the process is abundant. It is one of the
most economical alternative energy resources, which is transformed into chemical energy
with the help of photocatalysts [35–37]. In this sense, photocatalysis of biomass reduces
fossil fuel consumption, which minimizes environmental problems [38,39].

During the last decade, the number of investigations on obtaining chemical products
from biomass has increased. However, it is necessary to identify what type of catalysts
provide higher conversion and selectivity. Understanding which materials facilitate pho-
tooxidation is essential to promote the use of photocatalysts that facilitate the conversion of
biomass to products of interest to the industry. Therefore, this literature review provides a
new perspective regarding the selective conversion of lignocellulosic biomass to contribute
to future studies of heterogeneous photocatalysis, and inspire the development of new
and better photocatalysts with highly efficient properties, and thus be able to obtain high
conversion percentages and selectivity. As a hypothesis, it is proposed to determine if
doping TiO2 and g-C3N4, with noble metals helps to generate greater conversion and
selectivity in the photocatalytic reaction of biomass derivatives towards chemical products



Catalysts 2022, 12, 1091 3 of 27

with high added value, as well as to determine if the addition of β-cyclodextrin on the
surface of photocatalysts will shorten the reaction time in the conversion.

This review is organized as follows. The methodology adopted to classify the most
pertinent articles is presented in Section 2. Then, the main concepts related to biomass
and its derivatives are detailed in Section 3. Section 4 recounts a summary of the mecha-
nisms involved in heterogeneous photocatalysis. Then, the most used photocatalysts are
presented in Section 5, highlighting titanium dioxide (TiO2), carbon nitride (g-C3N4), noble
metals, and the applicability of heterojunctions and macromolecules. Then the conversion
of cellulose and lignin is presented in Section 6, and finally, the main conclusions and
perspectives for future work are set out.

2. Materials and Methods

The methodology employed to carry out this review centers on the keywords: “photo-
catalysis,” “biomass,” and “chemical products” using the Boolean operator AND, resulting
in a total of 91 documents indexed in the Web of Science database (Figure 1). The last
search was performed on 15 May 2022. Since 2016, it is possible to notice how the interest
in obtaining chemical products from biomass has grown. Thus, in 2020 the number of
publications doubled compared to 2018 and 2019, and the trend continues. Figure 2 shows
relevant papers about the photocatalytic transformation of biomass, where the studies
of Colmenares et al. [5] and Lang et al. [40] stand out. It is worth noting that Figure 2
arranges papers according to their similarity but is not a citation tree. Related reports show
connecting lines and clusters. The larger the bubble, the more citations; the darker colors
indicate recently published papers.
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Figure 1. Published articles in the last decade focused on photocatalysis, biomass, and chemical
products reported in the Web of Science database.
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3. Biomass

Lignocellulosic biomass is the primary structural component of plant matter and
is mostly inedible, generally referring to organic materials such as wood, grass, and
agricultural crop residues [41,42]. The principal lignocellulosic biomass components are:
lignin (20–30% w/w), cellulose (35–50% w/w) and hemicellulose (20–30% w/w) [41,42].
Regarding the structure of lignocellulosic biomass (Figure 3), the external cell of the biomass,
which provides rigidity to the material, is rich in lignin [43,44]. It is a macromolecular
polyaromatic with a high oxygen content [45,46]. On the other hand, cellulose is found
inside lignin and forms hemicellulose-bound shells with a random structure. It is a stable
crystalline biopolymer made of glycoside units. These units are insoluble in most solvents
and difficult to hydrolyze [47]. Hemicellulose has an amorphous structure of pentose
sugars such as xylose and arabinose, and hexose carbohydrates such as glucose, mannose,
and galactose, so it is easier to hydrolyze than cellulose [10,47].

Although processing complex lignocellulosic materials is one of the main obstacles
to commercial-scale biofuels and renewable chemicals, stimulating biofuel production
has economic, environmental, and societal benefits. Different types of photocatalysts
and reactors have been studied to decompose and process lignocellulosic biomass (or its
components) [48,49].

Bio-oil is obtained from the lignocellulosic biomass conversion through thermal, cat-
alytic, or both processes combined. The resulting bio-oil comprises oxygenated monomers
such as cresols and guaiacols [6,50]. However, due to its high oxygen content, bio-oil
is unstable and has a low energy content, and requires additional treatment to be used
industrially [51]. Consequently, the transformation of platform molecules from lignocel-
lulosic biomass (starting materials or building blocks to produce chemical products) has
been identified as critical in converting biomass into fuels and chemical compounds [52].
The goal is to replace petrochemical compounds with renewable and sustainable com-
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pounds progressively. Moreover, the derivatization of compounds from biomass is crucial
in recovering chemical products.

Catalysts 2022, 12, x  5 of 29 
 

 

 
Figure 3. Routes for the recovery of lignocellulosic biomass [10]. Adapted with permission from 
Nature/Springer/Palgrave, Nature Catalysis, Solar energy-driven lignin-first approach to full utiliza-
tion of lignocellulosic biomass under mild conditions, Xuejiao W. et al., License Number: 
5382740520618, 2018. 

Bio-oil is obtained from the lignocellulosic biomass conversion through thermal, cat-
alytic, or both processes combined. The resulting bio-oil comprises oxygenated monomers 
such as cresols and guaiacols [6,50]. However, due to its high oxygen content, bio-oil is 
unstable and has a low energy content, and requires additional treatment to be used in-
dustrially [51]. Consequently, the transformation of platform molecules from lignocellu-
losic biomass (starting materials or building blocks to produce chemical products) has 
been identified as critical in converting biomass into fuels and chemical compounds [52]. 
The goal is to replace petrochemical compounds with renewable and sustainable com-
pounds progressively. Moreover, the derivatization of compounds from biomass is crucial 
in recovering chemical products. 

Some of the factors responsible for the attractiveness of biomass as a renewable 
source for conversion to chemical products are climate change and reduction in green-
house gases [53], the need to search for renewable carbon sources as an alternative to fossil 
sources [53], the possibility to optimize the process of obtaining energy and chemical 
products [54], and finally, increasing public trust in the chemical business. 

Selective oxidation of derivatives of lignocellulosic biomass is a promising process 
for obtaining chemical products in a sustainable way [55]. The biggest challenge is to make 
this process profitable with a high conversion yield and selectivity of degradation reac-
tions. However, producing these chemicals requires high temperatures and high pres-
sures, which results in increased energy consumption [56]. Furthermore, the conversion 
and selectivity percentages are low [44,45,57]. For this reason, the photocatalytic process 
for the selective conversion of biomass derivatives is viewed as a sustainable and innova-
tive technology. Because it is simple and low-cost, solar energy used in the process is 
abundant and is one of the cheapest alternative energy resources; photocatalytically, this 
can be transformed into chemical energy. 

4. Heterogeneous Photocatalysis 
In recent years, heterogeneous photocatalysis has been regarded as one of the most 

promising technologies for addressing environmental issues and the global energy crisis 

Figure 3. Routes for the recovery of lignocellulosic biomass [10]. Adapted with permission
from Nature/Springer/Palgrave, Nature Catalysis, Solar energy-driven lignin-first approach to full
utilization of lignocellulosic biomass under mild conditions, Xuejiao W. et al., License Number:
5382740520618, 2018.

Some of the factors responsible for the attractiveness of biomass as a renewable source
for conversion to chemical products are climate change and reduction in greenhouse
gases [53], the need to search for renewable carbon sources as an alternative to fossil
sources [53], the possibility to optimize the process of obtaining energy and chemical
products [54], and finally, increasing public trust in the chemical business.

Selective oxidation of derivatives of lignocellulosic biomass is a promising process for
obtaining chemical products in a sustainable way [55]. The biggest challenge is to make
this process profitable with a high conversion yield and selectivity of degradation reactions.
However, producing these chemicals requires high temperatures and high pressures, which
results in increased energy consumption [56]. Furthermore, the conversion and selectivity
percentages are low [44,45,57]. For this reason, the photocatalytic process for the selective
conversion of biomass derivatives is viewed as a sustainable and innovative technology.
Because it is simple and low-cost, solar energy used in the process is abundant and is one
of the cheapest alternative energy resources; photocatalytically, this can be transformed
into chemical energy.

4. Heterogeneous Photocatalysis

In recent years, heterogeneous photocatalysis has been regarded as one of the most
promising technologies for addressing environmental issues and the global energy cri-
sis [57–59]. This process is one of the cleanest because it needs few reactants, operates
under smooth conditions, and takes advantage of visible and ultraviolet (U.V.) light [59–63].
Heterogeneous photocatalysis is a mechanism of absorbing direct or indirect radiant radia-
tion (visible or U.V.) using a broadband semiconductor. It is feasible to activate it when
the catalyst absorbs a photon with an energy equal to or greater than the bandgap (Bg); for
example, solar radiation promotes electron transport from the valence band (V.B.) to the



Catalysts 2022, 12, 1091 6 of 27

conduction band (C.B.) [64]. In this way, hole-electron pairs (h+-e−) are formed, which are
charge carriers for photochemical oxidation and reduction reactions (Equation (1)) [63–68].

TiO2 + hν→ e−CB (TiO2) + h+
VB (TiO2) (1)

Some of the pollutants that have been degraded by heterogeneous photocatalysis
are rhodamine B [69], amoxicillin [70], tetracycline antibiotics [71], tetracycline hydrochlo-
ride [72], and phenol [73]. Based on these works, it is possible to state that the approach
is effective because the deterioration percentages in all the experiments exceeded 70%.
Moreover, in recent years this process has also been implemented to obtain specific chemi-
cal products, such as the selective photo-reduction of carbon dioxide (CO2) to hydrocar-
bons [61,62,74,75]. Some clear examples are the studies developed by Ahmed et al. [76] and
Tasbihi et al. [77], where methane is obtained. Selective photooxidation has also been used
to produce aldehydes from alcohols [59,78]. López-Tenllado et al. [79] studied the oxidation
of 2-butenol (crotyl alcohol) to 2-butenal (crotonaldehyde), achieving 70% conversion and
90% selectivity after 90 min of reaction. It was also shown that these processes are substan-
tially influenced by the reaction time and pH of the solution. In addition, there are various
intermediates between the reagents and the end products, which provide convenient con-
trol over the selective reactions of certain bonds in the lignin derivates to obtain useful
chemical products [65,80]. Another advantage of the photocatalytic process is that the
reactions can be carried out at mild conditions, such as room temperature and atmospheric
pressure, thanks to a photon interchange instead of thermal energy [81]. Thus, it is possible
to promote the selective photooxidation of by-products of lignocellulosic biomass. It is
possible to obtain the so-called platform molecules that include a great variety of carboxylic
acids [42,53,82].

Success in the photocatalysis process lies in the proper use of photocatalysts since
they are the ones that use solar energy to promote the transport of electrons from the V.B.
to the C.B. as seen in Figure 4 [7,65,83]. In heterogeneous photocatalysis, one electron
(e−) jumps up from the valence band to the conduction band, after absorbing a photon
with higher energy than the bandgap energy. This leap leaves a vacancy called a hole (h+)
in the V.B. [84]. Electrons carry out the reduction process in the conduction band. The
most typical reduction method is biomass photo-reforming, which involves the reduction
of a proton by an e- to form hydrogen (H2). During this process, photoinduced holes
oxidize lignocellulose or its derivatives, lowering the recombination rate of photogenerated
hole-electron pairs and boosting the water-splitting efficiency [85].

It is possible to obtain value-added products when intermediate partially oxidized
products are determined as the final product. Photocatalytic holes produce oxidative
radicals that directly or indirectly oxidize specific organic molecules [86]. An oxidative hole,
for example, reacts with hydroxyl ions (OH−) to form hydroxyl radicals (•OH, potential
redox: +2.81 V versus standard hydrogen electrode (SHE)) [1,8,40,86]. Then, the oxidative
radicals target the biomass molecules; for example, Figure 5 shows a lignin photo-reforming
process, where reactive •OH radicals degrade lignin due to the bond cleavage of β-O-4 [87].
This lignin bond break results in the generation of benzyl, alkoxy, and alkyl radicals
that produce lignin fragments with a low molecular weight during the depolymerization
reaction. Hydroxyl and •OH radicals can also directly attack lignin’s phenyl rings forming
catechol, resorcinol, and hydroquinone [88]. During the photocatalytic process, other
reactive oxygen species can be formed, including superoxide anions (O2

•−, potential redox:
+0.89 V versus SHE), singlet molecular oxygen (O2), and ozone O3 [62,63].
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5. Photocatalysts for Biomass Conversion

The photocatalyst nature is the central part of the heterogeneous photocatalysis pro-
cess. The success in biomass degradation and conversion reactions depends on its prop-
erties [58,89]. One of the most remarkable properties of TiO2 is absorbing visible light,
which permits it to work at an industrial level with sunlight [90,91]. Several works have
been identified in which TiO2 and g-C3N4 have been used as successful photocatalysts
for different degradation processes and some selective conversions, such as selective oxi-
dation of alcohols to aldehyde [58,91]. In several studies, combining photocatalysts with
other metals provided them with new and better properties. This doping increases the
conversion and selectivity while improving the reaction yields [59,71,92]. The following
section presents the major advances in photocatalysts, highlighting doping with noble
metals, heterojunctions, and macromolecules to improve the performance of photocatalysts
based on titanium dioxide and carbon nitride.

5.1. Titanium Dioxide TiO2

Titanium dioxide (TiO2) is one of the most used and attractive heterogeneous photo-
catalysts, especially in processes of degradation of pollutants in [73,93], due to its excellent
properties such as high photocatalytic activity, strong oxidizing capacity, chemical stability,
long durability, non-toxicity, low cost, and transparency to visible light [94]. The difficulty
is that it has a bandgap in the ultraviolet area of the electromagnetic spectrum with an
energy of 3.23 eV [70,94], i.e., TiO2 can only use between 3% and 5% of the solar spectrum
of visible light, in addition to the recombination of excited pairs (h+-e−), which restricts
its applications in photocatalysis [91–99]. There are several crystalline structures of TiO2,
e.g., anatase, rutile, and brookite titanium dioxide; they differ in their three-dimensional
form, as can be seen in Figure 6.
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Figure 6. Anatase (tetragonal), rutile (tetragonal), and brookite (orthorhombic), structures of
TiO2 [100–102]. This figure was created using VESTA Version 3, with permission from Journal
of Applied Crystallography, VESTA 3 for three-dimensional visualization of crystal, volumetric and
morphology data, K. Momma and F. Izumi, Free Software, 2011.

In 1996, it was suggested that anatase’s conduction band is 0.2 eV higher than that of
rutile because the flat band potential of anatase is 0.2 eV lower than that of rutile, as seen
in Figure 7; at an interface, this promotes photogenerated electron transfer from anatase
to rutile and hole transfer from rutile to anatase [103,104]. However, new photoemission
experiments show that the work function of anatase is 0.2 eV higher than that of rutile,
implying that anatase’s conduction band is 0.2 eV lower than that of rutile, and thus
implying more light absorption [105,106].
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5.2. Carbon Nitride (g-C3N4)

Carbon nitride (g-C3N4) has a stable structure and semiconductor characteristics [93,107].
It has a bandgap energy of approximately 2.88 eV, allowing greater visible light absorption
than TiO2 [107,108]. It has an excellent photocatalytic performance, strong chemical stability,
and good resistance to acid and alkali corrosion, making it a favorite in photocatalysis.
Furthermore, it is easy to synthesize since it only requires a calcination step of readily
available precursors such as cyanamide, melamine, or urea (in the range of 500–580 ◦C for
1–4 h) [109,110]. However, some defects have also been reported, such as a small specific
area, low separation degree of electrons and holes, and a limited visible light range for
some reactions [109,111].

The search for photocatalysts with higher efficiency in separating photogenerated pairs has
become an important research field. Photocatalytic systems related to carbon nitride are practical
and efficient for the spatial separation of photogenerated electron-hole pairs; furthermore, they
permit the development of heterostructures based on g-C3N4 [90,110,112]. The heterostructures
based on g-C3N4 offer superior photocatalyst qualities due to the synergy between g-
C3N4 and the other components of the heterostructures. The heterostructures based on
g-C3N4 may inhibit the recombination of photogenerated charge carriers offering better
photocatalyst qualities [90,113].

The construction of photocatalysts with high efficiency driven by visible light for
environmental and energy applications, as well as lowering processing time, may be
possible by the design of g-C3N4-based heterostructures; Figure 8 [71,90,113].
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Processing, Effect of morphology on the photocatalytic activity of g-C3N4 photocatalysts under
visible-light irradiation, Xingtong W. et al., License Number: 5391770315356, 2015.

5.3. Doping with Noble Metals

Catalyst doping involves the addition of a foreign species to the catalytic system;
therefore, the original activity of the catalyst varies. To improve the efficiency of sun-driven
photocatalysis, noble metal nanoparticles (N.P.s) extend the U.V. absorption characteristics
of TiO2 and g-C3N4 to the visible area [111,114]. Surfaces doped with noble metals such
as Au, Ag, Pd, and Pt lead to enhanced photogenerated electron transfer and lifetime
extension of carriers’. As a result of localized surface plasmon resonance, N.P.s can absorb
visible light and hence activate broadband semiconductors (e.g., TiO2) on the visible light
spectrum [96,110,112,114].

In the study of Darabdhara et al. [114], the degradation of several phenolic compounds
by photocatalysis was analyzed, and an oxidation process was observed.

Table 1 summarizes the primary metals used in the photocatalysis process, while Table 2
details the obtained reagents and products and conversion and selectivity percentages.

Table 1. Bandgap of the component-doped catalysts [96,97,115,116].

Catalyst Metal Bandgap (eV)

g-C3N4

- 2.88
Ag 2.86
Pt 2.7
Pd 2.78
Au 2.79

TiO2

- 3.23
Ag 3.17
Pt 3.08
Pd 3.05
Au 3.1
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Table 2. Examples of selective conversion using catalysts with bimetallic doping at λ (Xe > 400 nm).

Photocatalyst Reactive Product % Conversion % Selectivity Ref.

g-C3N4 Benzyl

Imine

5.7

>99 [111]
Ag/g-C3N4 (1%) alcohol 12.3
Pd/g-C3N4 (1%) 31.7

Ag-Pd/g-C3N4 (1%) 31.4
Ag-Pd/g-C3N4 (2%) 58.9

TiO2

CO2 CH4 50

42.11

[96]
Pt/TiO2 74.21
Ag/TiO2 84.52

Pt-Ag/TiO2 87.9

The intermediate products were catechol, hydroquinone, and p-benzoquinone; the
photocatalyst used was g-C3N4. It was possible to prove that when g-C3N4 was doped
with metallic N.P.s, the photocatalytic process presented a 90% percentage of degradation,
compared to the 42% obtained when using no modified photocatalyst. Furthermore, it
was shown that the process was more efficient when working with sunlight than with U.V.
light, so it is concluded that the use of noble metals favors the absorption of light in the
visible spectrum [109,117].

5.4. Heterojunctions

Another technique used to achieve high efficiency in space charge separation and extend
light absorption to the visible range is the construction of heterojunctions, which involve the
combination of two or more semiconductors depending on their band gaps [89,118].

Straddling, staggered and broken gap heterojunctions are based on the alignment
of energy levels, as shown in Figure 9. The first type indicates that the bandgap of the
semiconductor-I is wider than that of semiconductor-II, the V.B. of the semiconductor-I is
below that of the semiconductor-II, and the C.B. of the semiconductor-II is higher than the
C.B. of the semiconductor-I, forming a space that can take both directions. Due to this, the
migration of charge carriers generates an accumulation of electrons and holes that occurs
only in the semiconductor-I, which causes poor charge separation of the photogenerated
pairs of electrons and holes, in addition to a lower redox potential because the oxidation
and reduction reactions occur in the same semiconductor [64]. In the second heterojunction
type, the band positions are at optimal levels (staggered gap), offering a space charge carrier
for enhanced photocatalytic separation compared to type I. However, its redox potential
is low due to oxidation and reduction reactions that occur in semiconductor-I with lower
oxidation potential and semiconductor-II with lower reduction potential [89,118,119]. Type
III heterojunctions have a broken gap involving charge carrier separation, similar to type II
heterojunctions [42–62,119]. The broken bandgap of the heterojunction in type III does not
cross and does not cause charge carrier separation to enhance photocatalytic activity.

In this way, the Z scheme is formed and the electrons receiving the irradiation of visible
light in the C.B. of semiconductor-II are combined with holes of the photogenerated V.B. of
semiconductor-I. This combination leads to the formation of sufficiently strong oxidative
V.B. holes in semiconductor-II and reducing electrons in the C.B. of semiconductor-I, as seen
in Figures 9 and 10. Due to the band difference, the induced interface results in an electric
field capable of accelerating the separation of the photogenerated pairs (h+-e−) [118,119].
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Figure 10. Z–Scheme of [119] Adapted with permission from Elevier, Journal of Industrial and En-
gineering Chemistry, An overview of converting reductive photocatalyst into all solid-state and
direct Z-scheme system for water splitting and CO2 reduction, Raizada P. et al., License Number:
5391800879853, 2021.

The scheme name, Z, Figure 11, is proposed because it mimics photosynthesis in
plants and follows the same charge transfer pathway mechanism containing two-step
photoexcitation, which shows resemblance to the letter “Z” [89,119].

Some studies show that converting biomass-derived molecules into other more valu-
able ones is possible using middle reaction conditions. For example, Shao et al. [120] devel-
oped the Co/ZnO@C heterojunction catalyst for biomass derivative hydrogenation that
permitted the selective hydrogenation of levulinic acid to γ-valerolactone, achieving 89.28%
conversion and 92.47% selectivity at 120 ◦C, 2 MPa, and 4 h reaction conditions, improving
previous investigations that needed higher temperature and pressure [6,121] Moreover,
Chen et al. [121] converted furfural into cyclopentanone using their catalyst fabricated of a
Ni−NiO heterojunction supported on TiO2 with anatase and rutile (Ni−NiO/TiO2-Re450),
achieving 100% conversion and 84.7% yield under 1 MPa, 140 ◦C, and 6 h reaction condi-
tions. Both examples show that heterojunctions improve the performance of commonly
used catalyzers such as TiO2, lowering the reaction conditions and reducing energy costs if
they are going to be applied at the industrial scale [122].
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Figure 11. Natural photosynthesis mimicking the Z scheme [119]. Adapted with permission from
Elsevier, Journal of Industrial and Engineering Chemistry, An overview of converting reductive pho-
tocatalyst into all solid-state and direct Z-scheme system for water splitting and CO2 reduction,
Raizada P. et al., License Number: 5391800879853, 2021.

5.5. Photocatalysts Modified by Macromolecules

It is possible to modify photocatalysts, adding macromolecules on the surface,
e.g., cyclodextrins (C.D.s), which are biodegradable cyclic hydrocarbons [123]. β-Cyclodextrin
(β-CD) is essential in photogenerated charge transfer, as it can serve as a hole eliminator
to suppress recombination of photogenerated (h+-e−) pairs. It has also been shown that
its presence contributes to a more selective reaction because it prevents the formation of
the •OH radical, which is highly reactive but not selective, so its presence contributes to
complete degradation reactions, obtaining as final products CO2 and H2O [95,124].

Cyclodextrins (C.D.s) commonly contain 6, 7, or 8 units of α-D-glucose and are called α,
β, and γ-cyclodextrins, respectively [123,125]. C.D.s have a well-defined conical structure,
Figure 12, with the broad rim surrounded by the secondary −OH groups and the narrow
rim surrounded by the primary −OH groups [123,125]. The cyclodextrin has two faces:
a hydrophobic inner and a hydrophilic outer; these characteristics allow C.D.s to form
macromolecular complexes with a wide variety of organic and inorganic compounds that
result in changes in the essential features of the compounds associated with them [63,126].
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Chen et al. [128] evaluated the degradation of naphthalene under visible light; they
concluded that Ag-NPs added to the photocatalyst improved the absorbance in the visible
region. On the other hand, the photocatalyst activity that contains β-CD traps the naphtha-
lene inside it because its cavity is hydrophobic. Thus, the naphthalene molecules remain
in contact with the surface photocatalyst for a longer time, which favors a more efficient
reaction. Finally, experiments under visible light, with the photocatalyst containing Ag-NPs
and β-CD, presented the highest photocatalytic activity, reaching a degradation of 98.4% of
naphthalene in 150 min, as shown in Figure 13. This work demonstrates the possibility of
modifying photocatalysts to make them efficient and work with visible light, which can be
used since it is known that the combination between metals and β-CD provides new and
better properties to the photocatalyst [128]. Therefore, it could be taken to an industrial
application since only sunlight is required to activate the photocatalysts.
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with visible light after 150 min of treatment [128].
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6. Lignocellulosic Biomass Conversion Using Photocatalysts
6.1. Cellulose Conversion

Cellulose is a D-glucose linear polymer linked by b-1,4 glycosidic bonds; it is the
most abundant biomass component in nature [2,86,129]. In addition to understanding
the biomass photodegradation pathway, it is essential to design and manufacture suitable
photocatalysts with excellent properties such as easy mass diffusion, light-harvesting, and
improved separation of photogenerated pairs to obtain high conversion percentages and
selectivity [6,59,71,92,129]. In selective photooxidation processes of compounds derived
from cellulose, high-value chemical products have been obtained among the so-called
platform molecules that include a wide variety of carboxylic acids such as succinic, fumaric,
and malic acids, 2,5-furandicarboxylicc, 3-hydroxy propionic, aspartic, glucaric, glutamic,
itaconic, and levulinic acids, and other basic molecules (3-hydroxybutyrolactone, glycerol,
sorbitol and xylitol/arabitol) [6,22,86,130].

Colmenares and Magdziarz [42] studied the photocatalytic oxidation of glucose, where
three organic compounds were obtained as a result: glucaric acid (GUA), gluconic acid
(G.A.), and arabitol (AOH). These carboxylic acids are fundamental building blocks in
manufacturing pharmaceuticals, foods, perfumes, and fuels [9,131]. Figure 14 summarizes
the results obtained for glucose conversion and selectivity for GUA and G.A. using different
photocatalysts immersed in three water-acetonitrile mixes (10% H2O/90% ACN, 50%
H2O/50% ACN, 100% H2O). As can be observed, working with TiO2 (U.S.) results in
higher selectivity (total selectivity for GUA + GA is 71.3%) with 11.0% glucose conversion.
In this work for all TiO2 photocatalysts, the selectivity depends on the acetonitrile content
in the mixture, although the relationship is not proportional; for example, using 50% ACN
selectivity is better than 90% ACN mixtures.
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acids using different TiO2 photocatalysts, under 2.8 mM of glucose concentration, 150 mL of solution,
150 mg of photocatalyst, 30 ◦C, 1 bar, and 10 min illumination time [42].

Another example of conversion of cellulose derivatives is reported by Jin et al. [132],
where formic acid is obtained as a product of glucose conversion. This process is mainly
attributed to the acceleration in the development of active oxidative radicals (O2

•−, •OH)
in the presence of hydroxyl ions. Furthermore, hydroxyl ions regulate the charge of the
TiO2 surface and glucose adsorption and formic acid desorption, resulting in conversion of
79.6% and selectivity of 14.2%.
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Payormhorm et al. [9], proposed a mechanism of conversion of glucose to gluconic
acid, arabinose, xylitol, and formic acid, as shown in Figure 15. Three significant reactions
are required to convert glucose into these compounds. First, a nucleophilic attraction of
H2O molecules initiates these •OH radicals on the TiO2 surface at O lattice sites (Ti-O•).
When these H2O molecules come into contact with holes in the valence band of TiO2,
they are oxidized to •OH. These •OH radicals oxidize glucose into gluconic acid. By
photocatalytic decarboxylation, the gluconic acid transforms into arabinose and formic
acid. Another possible reaction pathway is the photocatalytic decomposition of glucose to
produce xylitol. The efficiency of the photodegradation process depends on the amount
of energy that is radiated in the process; one exciting route is the conversion of glucose to
gluconic acid and xylitol because, in this process, the energy consumption was reduced,
and it was carried out under mild conditions compared to thermochemical catalysts and
biological processes [9,133].

Catalysts 2022, 12, x  18 of 29 
 

 

TiO2 surface and glucose adsorption and formic acid desorption, resulting in conversion 
of 79.6% and selectivity of 14.2%. 

Payormhorm et al. [9], proposed a mechanism of conversion of glucose to gluconic 
acid, arabinose, xylitol, and formic acid, as shown in Figure 15. Three significant reactions 
are required to convert glucose into these compounds. First, a nucleophilic attraction of 
H2O molecules initiates these •OH radicals on the TiO2 surface at O lattice sites (Ti-O•). 
When these H2O molecules come into contact with holes in the valence band of TiO2, they 
are oxidized to •OH. These •OH radicals oxidize glucose into gluconic acid. By photo-
catalytic decarboxylation, the gluconic acid transforms into arabinose and formic acid. 
Another possible reaction pathway is the photocatalytic decomposition of glucose to pro-
duce xylitol. The efficiency of the photodegradation process depends on the amount of 
energy that is radiated in the process; one exciting route is the conversion of glucose to 
gluconic acid and xylitol because, in this process, the energy consumption was reduced, 
and it was carried out under mild conditions compared to thermochemical catalysts and 
biological processes [9,133]. 

 
Figure 15. Reaction pathways proposed for the TiO2 photocatalytic conversion of glucose into glu-
conic acid, arabinose, xylitol, and formic acid [9]. 

These findings pave the way for developing a novel strategy process and the eco-
nomically viable usage of sustainable biomass and clean solar energy to manufacture for-
mic acid. It is interesting that sugars such as glucose, fructose, xylose, mannose, and arab-
inose can be extracted from biomass, but chemical processes combined with photooxida-
tion are still needed to achieve good recoveries and high selectivity [134]. Figure 16 depicts 
the results obtained in the work of Bellardita et al. [22,135], where TiO2 was used as a 
photocatalyst in its three phases, anatase, rutile, and brookite. Each was modified with 
metallic doping of Pt and compared under ultraviolet light for a selective glucose conver-
sion reaction to produce arabinose, erythrose, fructose, gluconic acid, glucaric acid, for-
mic-acid, H2, and CO2. This study revealed that the distribution depends on the structural 
and physicochemical characteristics of the photocatalyst. Therefore, it is possible to obtain 
the desired product by controlling the process. For example, to obtain gluconic acid, it is 
observed that the only photocatalyst that provides this product is Pt-anatase. Similarly, 
Pt-rutile helps produce in large proportion formic acid as a final product. 

Figure 15. Reaction pathways proposed for the TiO2 photocatalytic conversion of glucose into
gluconic acid, arabinose, xylitol, and formic acid [9].

These findings pave the way for developing a novel strategy process and the economi-
cally viable usage of sustainable biomass and clean solar energy to manufacture formic acid.
It is interesting that sugars such as glucose, fructose, xylose, mannose, and arabinose can
be extracted from biomass, but chemical processes combined with photooxidation are still
needed to achieve good recoveries and high selectivity [134]. Figure 16 depicts the results
obtained in the work of Bellardita et al. [22,135], where TiO2 was used as a photocatalyst in
its three phases, anatase, rutile, and brookite. Each was modified with metallic doping of
Pt and compared under ultraviolet light for a selective glucose conversion reaction to pro-
duce arabinose, erythrose, fructose, gluconic acid, glucaric acid, formic-acid, H2, and CO2.
This study revealed that the distribution depends on the structural and physicochemical
characteristics of the photocatalyst. Therefore, it is possible to obtain the desired product
by controlling the process. For example, to obtain gluconic acid, it is observed that the only
photocatalyst that provides this product is Pt-anatase. Similarly, Pt-rutile helps produce in
large proportion formic acid as a final product.
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during the transformation in the presence of Pt-TiO2 samples (anatase, rutile, brookite) [21,135].
Adapted with permission from Bentham Science Publishers Ltd., Mini-reviews in organic chemistry,
Bellardita, M. et al., License Number: 1270489-1, 2020.

Table 3 indicates the main products reported in the literature, the operating conditions,
and the photocatalyst for cellulose and glucose conversion. It is evident that the products
obtained after the conversion depend on the photocatalyst and the type of light used
during the process. Therefore, there a wide field of research is necessary to obtain specific
compounds with high conversion percentages.

Table 3. The photocatalytic conversion of cellulose and its derivatives using four different catalysts.

Substrate Photocatalyst Light Conversion (%) Products Ref.

Glucose TiO2
Mercury lamp

(400 W) 6.45 Xylitol
Gluconic acid [9]

Cellulose CdS/CdOx Simulated solar light 9.7 H2 [85]

Cellulose Au-HYT Visible light 59 Glucose
HMF [136]

Cellulose Pt-TiO2(P25) U.V. 66

Arabinose
Erythrose

HMF
H2

[137]

6.2. Lignin Conversion

The depolymerization of oxygen-enriched lignin is facilitated primarily by selective
cleavage of C-O bonds, in aryl ethers by cleavage of C-O-C bonds, and further hydrogenol-
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ysis of phenolic dimers to deoxygenated biofuels [138]. However, lignin’s complex and
irregular structure often misleads the search for selective chemical conversion; other known
depolymerization approaches often produce vague and indistinct products in less quan-
tity [138,139]. In this sense, photocatalysis is a promising and advantageous approach to
replace or unify different techniques to induce selective oxidation of lignocellulosic biomass.
It is a low molecular mass feedstock source through pretreatment; it further processes lignin
model compounds into other value-added fine chemicals [140].

The specific photocatalytic conversion of poorly structured lignin into valuable chem-
icals is directly related to its strong oxidizing power for selective chemical transforma-
tions [141]. It is currently known that different strategies have been studied to update
and improve the effectiveness of the photocatalytic conversion of lignin, which include,
among others, the design of heterostructures through a combination of semiconductors
with other hybrid materials, e.g., heteroatom doping (or compound formation) and hetero-
junctions, by combining the semiconductors with secondary semiconductors, noble metals,
and carbon-based materials [89,141].

The major products of lignin oxidative breakdown are aromatic aldehydes and car-
boxylic acids. In the oxidative deconstruction of lignin, vanillin is a standard product,
with yields ranging from 5 to 15% w/w concerning the lignin source [40]. Vanillin is a
valuable industrial chemical used as a flavoring agent in food, cosmetics, pharmaceutical,
nutraceutical, and fine chemical industries [134,141].

After the lignin degradation process, it is possible to identify different molecules
as the final product: acetic acid, malonic acid, succinic acid, butylated hydroxytoluene,
vanillin, veratric acid, and palmitic acid [132,141]. Catechol, resorcinol, and hydroquinone
are first produced during the photodegradation of phenolic compounds employing TiO2
as a photocatalyst. The phenyl rings in these compounds are broken to yield malonic
acid and short-chain organic acids, such as maleic, oxalic, acetic, and formic acids, until
the sample is mineralized, at which point CO2 is produced as the ultimate product of the
degradation process [60,94].

Figure 17 shows the results obtained by Kamwilaisak et al. [140]; here, a graphic repre-
sentation of the percentages of identified intermediate compounds of lignin is observed for
each experiment. All treated lignin samples had a comparable amount of fatty acids, 15%,
while in the standard lignin samples, the percentage was only 10%. Carbohydrate was de-
tected in the highest concentration in the biocatalytic reaction sample (20%), whereas it was
insignificant in the photocatalytic reaction. In mono- and two-step reaction samples, the
carbohydrate content was 10% and 5%, respectively. The highest organic acid concentration
was measured in the photoreaction process, reaching 20%. This effect could be attributed
because the photoreaction can produce compounds such as short-chain organic acids before
finally degrading or fully mineralizing to CO2 [42,142]. Some of these synthesized acids
are of commercial interest, e.g., succinic, acetic, and lactic acids.

Table 4 shows that TiO2—and modified TiO2—are the main photocatalysts used to
convert lignin into useful industrial products such as vanillin. It is necessary to choose the
right type of lignin and the suitable TiO2-modified catalyst to obtain specific products. Data
in Table 4 also indicate that more than 40.3% of biomass converts during the photooxidation
process—avoiding polluting residues—and more research is necessary in cases where the
conversion is low.
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Table 4. Summary of results of the photocatalytic conversion of lignin and its derivatives.

Substrate Photocatalyst Light
Source Conversión (%) Main

Products Ref.

Lignosulfonate Bi1%/Pt15-TiO2
Xe lamp
(300 W) 84.5 Guaiacol [91]

Lignin TiO2 Lacasse
H2O2

UV
irradiation

(24 W)
100

Organic
acids

Fatty acids
Carbohydrates

[140]

Kraft lignin TiO2/carbon
Mercury

lamp
(400 W)

40.3 Vanillin [143]

Kraft lignin TiO2/Ti/Ta2O5-IrO2

Blue wave
TM 50
AS UV

spot lamp

92 Vanillin
Vanillic acid [144]

7. Perspectives and Conclusions

Through this bibliographic review, we seek to provide a direction that will facilitate the
development of future works based on the heterogeneous photocatalysis process, since effi-
cient methods are needed to convert waste biomass into chemical products with high added
value. Although the results presented here are encouraging, it is necessary to evaluate the
photooxidation process not only at a laboratory scale, but also at an industrial level.

For the process to be profitable at an industrial level, it must be carried out with sun-
light, and it is necessary to repeat experiments at pilot scale and not only at the laboratory
level. For this reason, the importance of working with photocatalysts that are capable
of absorbing visible light is highlighted. As a result, it will be essential to conduct an
economic study to evaluate whether the process is lucrative and if it necessary to modify
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the photocatalysts so that they can absorb visible light. In addition, it should be considered
that most of the studies are carried out with derivatives of lignocellulosic biomass or bio-oil,
so it is necessary to study the direct photocatalytic degradation of biomass.

The heterogeneous photocatalysis process is presented as a viable technique for con-
verting renewable energies such as lignocellulosic biomass and solar energy into fuels
and chemicals. In this review, several works of interest are summarized in terms of their
achievements in percentages of photocatalytic conversion of lignocellulosic biomass and its
derivatives. The importance of breaking the bonds was identified thanks to the oxidizing
power of the photocatalysis process to obtain chemical products with high added value,
taking into account that the process must be controlled to prevent biomass derivatives from
fully mineralizing to CO2 and H2O.

Titanium dioxide is the most useful catalyst employed to convert biomass into new
valuable products; this study showed several experiences where its catalytic ability in-
creased when TiO2 was doped with a proper metal or macromolecule. In the case of
g-C3N4, the dopage with noble metals helped increase the biomass’s selective conversion.
Furthermore, the modified catalyzers decreased the temperature, pressure, and time during
reactions, reducing energy and cost. The obtained products depend highly on the catalyst
used, while the reaction conditions affect the conversion and selectivity. The addition
of β-cyclodextrin on the surface of photocatalysts contributes to complete degradation
reactions, decreasing the conversion time. It is crucial to note that further investigation will
permit the design of customized catalysts for specific purposes.

The review lets us realize that it is possible to design custom catalysts, from TiO2, and
g-C3N4, to obtain specific products from biomass with the minimum time and energy con-
sumption.

A problem that became apparent during the investigation is that at the end of the
photocatalytic process, separating and purifying the products obtained from the reaction
medium represent a significant challenge. The study of separation methods is required to
obtain products with high added value.

For this technology to be implemented at an industrial level, it is imperative to plan
public policies that integrate advances in academia with industry needs, and thus de-
fine a roadmap for obtaining greater participation of bioenergy and biofuels and reduce
dependence on non-renewable sources.
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