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Abstract

The conversion of abundantly available lignocellulosic biomass into useful energy has been a topic of research for combating the
energy insecurity and conventional energy resource shortages, faced throughout the world. Lignin, a prime component present in
lignocellulosic biomass resources is found to be one of the abundant wastes produced by second-generation (2G) ethanol plants
(30—40% lignin waste) and paper and pulp industries (as a by-product). It is challenging to depolymerize lignin, owing to its
complex structure. Several techniques have been devised for the effective transformation of lignin into useful fuels through a
variety of catalytic and non-catalytic treatments. This review uniquely focuses on the availability of lignin throughout the Indian
sub-continent along with its conversion into solid, liquid, and gaseous fuels through different methods respectively. Pyrolysis and
hydrothermal carbonization are emphasized and reviewed in the conversion of lignin to solid fuels. Various methodologies such
as hydrothermal liquefaction, catalytic fast pyrolysis, hydrotreatment, and hydrodeoxygenation are broadly focused on liquid fuel
conversion along with the importance of several catalysts in the treatment. Interestingly, the production of gaseous fuels from
lignin has also been thoroughly reviewed and several methods such as pyrolysis, steam reforming, and supercritical gasification

are effectively discussed.
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1 Introduction

India is one of the world’s largest producers of a wide variety
of crops. Also, 80% of the lignocellulosic biomass mainly
arises from agricultural residues according to the data [1].
This widely available renewable feedstock comprises 15—
25% of lignin as one of its major constituents [2, 3].
Additionally, lignin is one of the copious wastes produced
throughout the world from various sources such as cellulose
extraction, crop production, paper and pulp industries, and
biorefineries [4]. According to a recent study [5] the industrial
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production of paper and pulp mills in the Indian sub-continent
is estimated to produce 25 million tons in the upcoming years
giving rise to a significant amount of black liquor as a by-
product which consists of lignin.

Biofuel production from the lignocellulosic biomass re-
sources is gaining massive attention due to its ability to replace
the existing fossil fuels which are considered unsustainable.
India has also turned their attention towards the production of
second-generation (2G) ethanol. Accordingly, various govern-
ment policies are implemented by the Ministry of Agriculture in
the construction of bioethanol plants across the country [6, 7].
The abundantly generated agro-residues across the country are
considered as a resource for bioethanol production, which can
be used as an alternative fuel source or as an additive to gaso-
line. A significant challenge also arises in the utilization of
lignin waste, obtained from the fermentation process.

Hence, it is pivotal to utilize the vast amount of waste lignin
produced from these industrial plants and in other forms of
agricultural residues. Various forms of renewable fuel produc-
tion by the use of lignin as feedstock is beneficial as reported
by several researchers in recent years [8, 9].
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Solid fuels obtained from lignin include the utilization of
biochar produced from various processes like slow pyrolysis
[10, 11], fast pyrolysis [12], and hydrothermal carbonization
[13]. However, solid fuels do not find large-scale industrial
fuel applications; though their heating value surpasses that of
coal. Production of liquid fuels such as benzene, toluene, and
xylene (BTX) from lignin sources has gained significant at-
tention during the past few decades [14]. A wide variety of
thermochemical techniques and catalytic systems have been
elucidated for the effective breakage of recalcitrant lignin into
useful fuel-based chemicals, and these processes are operated
under optimized conditions. These processes have been car-
ried out either directly by a single-step process (i.e., one-pot
process) or can be subjected to several stepwise techniques for
the required fuel-grade products. One-pot processes involve
several pyrolysis and liquefaction treatments under the influ-
ence of different catalysts and solvents. Electrochemical con-
version techniques are also being used in recent years for
lignin depolymerization but are still in the exploratory stage
[15-17].

Stepwise methods mainly involve the coupling of depoly-
merization methods with selective deoxygenation strategies
where an oxygen-rich biomass pyrolysis oil (bio-oil) is then
further processed into oxygen-free products [18]. The depoly-
merization process generally involves pyrolysis, liquefaction,
and other thermochemical catalytic treatments involving a va-
riety of parameters, while the deoxygenation reactions involve
several hydrotreating steps (hydrodeoxygenation,
hydrogenolysis, etc.). Hydrodeoxygenation reaction has prov-
en to be an effective route for conversion of bio-oil into fuel-
grade hydrocarbons as it accelerates the removal of oxygen
from the bio-oil, thereby overcoming the drawbacks present in
the bio-oil such as increased water content, low higher heating
value (HHV) and acidic nature [19-21]. Numerous re-
searchers have also turned their attention towards the conver-
sion of lignin model compounds such as guaiacol, phenol,
anisole, and diphenyl ether to gain a better picture of the dif-
ference in the product formation and to minimize the reaction
complexity caused by the interlinkages present in lignin [22].
Various gasification methods such as supercritical gasification
and steam reforming processes are also in the growing stage
and being researched for the conversion of lignin into useful
gaseous products such as syngas, methane, and hydrogen
which find tremendous application in a variety of industrial
processes [23-27].

This review summarizes the potential of lignin-based edi-
ble and non-edible crops for bioethanol production in India
(2015-2019) along with the availability of black liquor from
paper and pulp industries. The former study primarily in-
volves edible crops such as rice, wheat, sugarcane, bajra,
maize, gram, jowar, tur (arhar), nine oilseeds, pulses, and co-
conut. The non-edible crop considered for discussion was jute
due to its high production of about 94.8 million tonnes. The
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amount of lignin waste generated by each sector is discussed
and the focus is turned towards the conversion of lignin waste
to biofuels. The classification of fuels derived from lignin
comprises (i) solid fuels, (i) liquid fuels, and (iii) gaseous
fuels and the various processes or methods carried out over
the last few decades in the valorization of lignin feedstock into
the specific fuel types are also explored. Overall schematic
classification of lignin conversion into the solid, liquid, and
gaseous fuel is presented in Fig. 1.

2 Geo-specific overview of lignin in India

This section provides a brief discussion about the availability
of lignin throughout the Indian sub-continent in the form of
(1) by-product from second-generation ethanol plants and (2)
black liquor from the paper and pulp industry.

2.1 By-product from second-generation ethanol
production

The increased usage of fossil fuels has caused a significant rise
in global carbon emissions (about 90%) paving the way to-
wards severe environmental concerns and worsening air qual-
ity. Thus, there is an urgent need to find and develop renew-
able energy sources. In this review, second-generation (2G)
biofuels have emerged as one of the sustainable and renewable
alternatives in tackling the energy crisis prevailing throughout
the globe. 2G ethanol production generally involves agricul-
tural residues as feedstocks which are abundantly available in
India because agriculture, along with its associated sectors, is
undeniably the largest source of income for a majority of the
population in India and it accounts for about 17.1% of the
country’s gross value added (GVA) according to a 2017—
2018 report. Hence, various crops are being produced annu-
ally, and a large number of agricultural residues are generated
annually.

To analyze the massive potential of 2G biofuels in India, a
statistical assessment of the area under cultivation of several
crops along with their annual production from 2015 to 2019
across India has been done, and the same is tabulated in
Table 1. This data shows that rice is the most cultivated crop
across the whole country as it occupies an average area of
43.56 million hectares followed by wheat which occupies a
common cultivation area of around 29.95 million hectares.
Approximately about 110.5 million tons of rice and 98.2 mil-
lion tons of wheat are produced annually in India. Sugarcane
is a majorly produced crop in India with an average annual
production of 352.13 million tons, even though the crop con-
tributes a significantly small cultivation area. Figures 2 and 3
also highlight the major crop and oilseeds producing states in
India, respectively. This assessment was done to calculate the
annual crop residues generated per crop based on the residue



Biomass Conv. Bioref. (2023) 13:4515-4553

4517

Fig. 1 An overall schematic
classification of lignin conversion
into solid, liquid, and gaseous
fuels
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to product ratio (RPR) obtained for each crop [28-30] and is
tabulated in Table 2. This ratio builds the relationship between
the total amounts of residue generated per ton of product
formed for a specific crop. Based on this ratio, it was found
that rice produced an average maximum residue of about
236.73 million tons in the form of straw (RPR = 1.88) and
husk (RPR = 0.27) followed by 171.87 million tons of wheat
residue in the form of straw (RPR = 1.75), and 146.14 million
tons of sugarcane in the form of bagasse (RPR=0.29) and
leaves (RPR = 0.125). Also, a state-wise classification of total
crop residue produced was done with the help of a survey
taken by the National Policy Management of Crop Residues
and is represented in Fig. 4. It shows that Uttar Pradesh pro-
duces the principal amount of agricultural residues followed
by Punjab and Maharashtra. Generally, these crop residues are
burnt to create space for the next harvest and pose severe
environmental concerns and affect soil fertility due to the
death of beneficial soil microbes.

Hence, the Indian Ministry of Petroleum & Natural Gas has
adequately capitalized on this enormous availability of ligno-
cellulosic residues by approving the national policy for
biofuels 2018 and urging oil and gas industries to focus on
the development of second-generation biofuels with the added
advantage of reducing the environmental pollution and soil

degradation caused by crop residue burning [6]. As of 2019,
India is accounted to have 166 ethanol refineries, and the
numbers are expected to increase over the years. The 2G eth-
anol production process generally involves a sequence of pro-
cesses such as pretreatment, hydrolysis, fermentation, distilla-
tion, etc. where the quality of ethanol varies during each stage
[54]. Yet these refineries generate ~ 30 to ~ 40% of waste
dense lignin slurry after the pretreatment process to access
the carbohydrates during fermentation [55]. Since the focus
is mainly on the lignin which is obtained as a waste product,
an assessment of the lignin content present in each agro-
residue was studied (done in Table 2) to estimate the amount
of lignin that can be obtained as waste after the bioethanol
production. Figure 5 also gives a clear idea about the lignin
present in each crop based on their average annual production.

2.2 Black liquor from paper and pulp industries

The Indian paper and pulp industry sector has been of im-
mense importance in the country’s economy. Accordingly,
the government has taken significant steps in bringing this
sector to global attention. As of now, India is found to con-
tribute about 4% of the world’s paper production, according to
Indian Paper Manufacturers Association [56]. There are
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Table 1 Brief study on the production of lignin-rich crops in India from 2015 to 2019
S.  Crop 2015-2016 20162017 2017-2018 2018-2019 (4th advanced
No estimates)
Area under Production  Area under Production  Area under Production  Area under Production
cultivation (million cultivation (million cultivation (million cultivation (million
(million hectares) tonnes) (million hectares) tonnes) (million hectares) tonnes) (million hectares) tonnes)
1 Rice 43.50 104.41 43.19 110.15 43.77 111.09 43.79 116.42
2 Wheat 30.42 92.29 30.60 98.51 29.65 99.87 29.14 102.19
3 Sugarcane 4.93 348.45 4.39 306.72 4.74 353.22 5.11 400.16
4 Bajra 7.13 8.07 7.47 9.73 7.38 9.26 - 8.61
5  Maize 8.81 22.57 9.86 259 947 28.75 - 27.23
6  Gram 8.40 7.06 9.63 9.38 10.56 11.38 - 10.13
7  Jowar 6.08 424 5.62 4.57 4.96 4.80 - 3.76
8  Tur (arhar) 3.96 2.56 5.34 4.87 4.43 4.29 - 3.59
9  Nine 26.09 25.25 26.18 31.28 24.51 31.46 25.52 31.5
Oilseed-
S
Groundnut 4.6 6.73 5.31 7.46 4.89 8.22 - 6.97
Castor 1.11 1.75 0.85 1.37 0.82 1.49 - 1.17
seed
Sesamum  1.95 0.85 1.67 0.75 1.56 0.72 - 0.78
Nigerseed 0.25 0.074 0.26 0.085 0.22 0.073 - 0.065
Soybean 11.6 8.57 11.32 13.16 10.44 11.39 - 13.69
Sunflower 0.49 0.29 0.34 0.25 0.33 0.23 - 0.23
Rapeseed 5.75 6.80 6.02 791 6.00 7.54 - 8.39
and
mustard
Linseed 0.26 0.13 0.32 0.18 0.33 0.17 - 0.17
Safflower 0.13 0.053 0.14 0.094 0.15 0.041 - 0.23
10 Jute 0.78 48.32 0.76 50.34 0.74 46.07 0.73 44.87
11 Pulses 2491 16.32 29.46 23.13 29.99 25.42 - 23.40
12 Coconut  2.09 15.26 2.08 16.49 2.10 16.41 2.13 16.38

around 600 paper mills in the whole country that produce a
variety of papers such as printing, writing, coated, and other
specialty papers. Figure 6 gives a clear idea about the top
paper and pulp producing centers located in the entire country.
From the figure, it is understandable that a significant contri-
bution is made by paper mills situated in Maharashtra (63
mills), followed by Andhra Pradesh (19 mills) and Madhya
Pradesh (18 mills). According to ASSOCHAM data, it is es-
timated that the production would touch 25 million tons by
2019-2020 [57]. Out of the total paper production taking
place in the entire country, 70% was found to be contributed
by non-wood-based mills which included raw materials such
as bagasse, straws, and waste paper [58]. The manufacturing
process generally involves several steps: raw material prepa-
ration and handling, cooking, pulp washing and screening,
chemical recovery, bleaching, and papermaking. The cooking
process is found to remove the binding lignin from the raw
material, while the pulp washing process is done to eliminate
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other cooking chemicals and lignin to prevent them from tak-
ing part in further reactions [59]. Hence, a significant amount
of waste effluent referred to as black liquor is generated from
these industries, which is highly polluting. Approximately,
30—45% lignin is prominent in this effluent. It was also found
that the agro-based paper mills cause a major amount of pol-
lution due to the absence of an economically viable chemical
recovery process. According to a report by the central pulp
and paper research institute, it was found that an agro-based
mill without chemical recovery produced 215-225 kg of lig-
nin in the form of black liquor, for 1 ton of paper [60].
Alarmingly, the pollution generated by these agro-based mills
without chemical recovery was found to be six times greater
than that of wood-based mills. Hence, significant measures are
being taken by the pulp and paper sector for feasible chemical
recovery processes in small and medium-scale mils. This sce-
nario is discussed to highlight the abundant waste lignin gen-
erated from these paper and pulp industries located in India
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Table2  Annual crop residue generation from 2015 to 2019 done with their corresponding RPR values for the particular agricultural residue
SL. No. Agro-residue RPR value® Residue (dry wt.) % lignin in each Ref.
agro-residue
Million tonnes % -
2015- 2016— 2017- 2018-
16 17 18 19
1 Rice (straw + husk) Straw- 1.88 223.65 235.94 237.96 249.37 15.2 [31]
Husk- 0.27 18-20 [32]
2 Wheat (straw) Straw- 1.75 161.5 172.39 174.77 178.83 15-17 [33]
3 Sugarcane (bagasse + leaves) Bagasse- 0.29 144.6 127.29 146.58 166.07 25-28 [34]
Leaves- 0.125 14.0-22.5 [35]
4 Bajra (cob + stalk + husk) Cob- 0.33 21.23 25.59 24.35 22.64 13.2-14.8 [36]
Husk- 0.3
Stalk- 2.0
5 Maize (stalk + cob + husk) Cob- 0.273 55.81 64.05 71.1 67.34 1522 [37]
Stalk- 2.0
Husk- 0.2
6 Gram Stalk- 1.1 7.77 10.32 12.52 11.14 1.6-4.26 [38]
(stalk)
7 Jowar (cob + husk + stalk) Cob- 0.5 10.18 10.97 11.52 9.02 3-10 [39]
Husk- 0.2
Stalk- 1.7
Tur (stalk) Stalk- 2.5 6.4 12.175 10.725 8.975 22.0-39.7 [40]
Nine oilseeds
Groundnut Shell- 0.3 15.48 17.16 18.9 16.03 26.4-31.1 [41]
Stalk- 2 [42]
Castor seed Waste- 1.2 2.1 1.64 1.79 14 17.3 [43]
Sesamum Stalk- 1.2 1.02 0.9 0.86 0.94 7.4 [44]
Niger seed Stalk- 1 0.074 0.085 0.073 0.065 14 [45]
Soybean Stalk- 1.7 14.57 22.37 19.36 23.27 22.7 [46]
Sunflower Stalk- 3 0.87 0.75 0.69 0.69 20.4 [47]
Rapeseed and mustard Stalk- 1.8 12.24 14.24 13.57 15.1 22.5 [48]
Linseed Stalk- 1.47 0.19 0.26 0.25° 0.25 27 [49]
Safflower Stalk- 3 0.159 0.28 0.12 0.69 29 [50]
10 Jute (stalk) Stalk- 2.0 96.64 100.68 92.14 89.74 13.3 [51]
11 Pulses 1.24 20.24 28.68 31.52 29.02 2.1-72 [52]
12 Coconut Husk- 0.419 8.22 8.89 8.85 8.83 35.5-40.1 [53]
(shell + husk) Shell- 0.12

4RPR values of various crops were determined [28-30]

and the current need to process this waste into useful applica-
tions and enhance the process economy.

3 Lignin structure and chemistry

Lignocellulosic biomass is the most abundant source of bio-
mass available. Many researchers are still working to
completely define the structure of lignin while various

methods have been employed to describe its structure such
as spectroscopy coupled with oxidation/reduction [61], ozon-
ation [62, 63], photochemical degradation [64], thermo-
gravimetric analysis, and computational studies [65]. Lignin
is a highly cross-linked macromolecule that gives strength and
rigidity to the cell walls. Also, the composition of lignin varies
with different types of plants and trees; for example, lignin is
present about 30% (by weight) in softwood and 20-25% (by
weight) in hardwood [66]. Lignin is insoluble in water but can
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Fig. 2 Highlight of the major crop-producing states in India
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Fig. 3 Highlight of the major oilseed-producing states in India
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Fig. 4 The classification of state-
wise total crop residue generation
done with the help of a survey
taken by the National Policy
Management of Crop Residues
(NPMCR)
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be dissolved in several alkali solutions and organic solvents
such as chloroform, ethanol, and acetone. The primary com-
ponents present in lignin are methoxylated derivatives of phe-
nols, also called monolignol units (phenylpropanoid alco-
hols), namely, sinapyl (3,5-dimethoxy 4-hydroxycinnamyl),
coniferyl (3-methoxy 4-hydroxycinnamyl), and p-coumaryl
(4-hydroxycinnamyl) alcohols.

These monolignols are also referred to as syringyl (S),
guaiacyl (G), and p-hydroxyphenyl (H) units, respectively.
These units are joined by ether and C—C linkages. These 3
monolignols are said to differ from one another in the number
of methoxy groups that these monolignols are attached to an

aromatic moiety. Sinapyl alcohol has two methoxy groups,
while coniferyl alcohol has one methoxy group, and p-
coumaryl alcohol has no methoxy groups. It is noted that the
amount of these monolignols in lignin varies with plant types
[66]. Based on these units, lignin can be classified as type G
(softwood lignin), type GS (hardwood lignin), type H-G-S
(grass lignin), and type H-G (compression wood lignin) (4).
Hardwood has a G/S ratio of 1:2 while softwoods have 95% G
lignin. Gymnosperms are said to have the polymerized
guaiacyl (G) lignin, while dicotyledon has the polymerized
guaiacyl-syringyl (GS) lignin, and monocotyledon primarily

Fig. 5 Lignin content present in
each agro-residue with respect to
average annual production (in
million tonnes)
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Fig. 6 Highlight of the major paper and pulp-producing states in India

encloses the polymerized guaiacyl syringyl-hydroxyphenyl
(GSH) lignin.

The monolignols of lignin are generally linked by ether or by
C—C linkages. It is observed that two thirds or more of the total
linkages are said to be ether bonds in native lignin, while others
are C—C bonds. For convenient categorizing of the linkages, the
carbon atom of the aliphatic side chains(monolignols) is labeled
as «, 3, and vy, while those of aromatic moieties as 1-6. For
example, the bond between the 3 carbon of the aliphatic side
chain and the oxygen atom attached to the C4 position of the
aromatic moiety is called a p—O—4 linkage. 3—O—4 (f3-aryl
ether), f—f (resinol), p—5 (phenylcoumaran), p—f3’
pinoresinol, diphenyl ether 4-O5', and 3—1" diphenyl methane
are the abundant linkages that make up the lignin polymer.
Other linkages are a—O—4 (x-aryl ether), 4-O-5 (diaryl ether),
5-5, a—O—y (aliphatic ether), 3—1 (spirodienone), etc. [67].
The most important type of bond in lignin is found to be cyclic
or linear C—O—C because the cleavage of this bond acts as a key
step in the depolymerization reaction. Also, the —O—4 linkage
is found to be the most abundant bond linkage present in the
lignin structure, and therefore, several studies on depolymeri-
zation are made based on model compounds that have this
particular bond linkage [68]. The reactive part of lignin is said
to be the ether linkages because of their lower bond dissociation
energy when compared to that of the C—C bond linkages [69].
The lowest bond energy of all the bonds is Co—O bond linkage
(182.7 kJ/mol) followed by C[3—O bond linkage. Therefore, it is
easier for the molecules to cleave ether bonds at a much lower
temperature.

@ Springer

4 Solid fuels

The heat content of a biomass feedstock is highly influenced
by the proportion of extractives present in it [70]. The HHV of
dry ash-free kraft lignin was found to be 27.1 MJ/kg, while
that of dried biomass was in the range of 17-21 MJ/kg [71].
Previous studies showed that the HHV of lignocellulosic bio-
mass was attributed to the lignin content present due to its high
carbon content. Hence, the waste lignin obtained from various
sources was used as a heating source [72]. To prove this fact,
researchers studied the HHV of 14 different wood fuels with
Klason lignin and extractive contents and confirmed that the
HHYV of wood fuels could be calculated using the formulated
relation, which established a direct relationship between the
lignin content and the heating capacity [73].

A comparative study between coal and lignin showed that
the fuel value of lignin was 2.2 cents/Ib, which seemed to be
higher than that of coal. An experimental investigation was
done by Lurii [74], which involved the combustion of lignin
briquettes and SS coal (black coal). A relative test was also
carried out to develop a novel type of solid biofuel. Hydrolytic
lignin was collated with SS coal in fuel-bed firing in a
Universal-6 boiler. The results observed depicted that the total
efficiency of the boiler was 38% greater when it was fired with
lignin briquette compared to black coal. The carbon loss was
found to be only 1% in the case of lignin briquettes. In con-
trast, it was approximately 48.2% in the case of black coal,
which indicated a significantly high harmful gas emission.
Hence, several researchers have been working on the effective
utilization of lignin as a substitute for conventional solid fuels
owing to its high specific heat content.

The lignin-derived biochar produced from various thermo-
chemical processes after its separation from the liquid phase
also provides an essential path for its effective utilization as a
solid fuel source. Different experimental procedures for char
formation are shown in Fig. 7 and discussed below.

4.1 Slow and fast pyrolysis

Pyrolysis is a technique that involves thermal decomposition
of feedstock at elevated temperature occurring in the absence
of oxygen or limited supply so that gasification does not occur
to an appreciable extent. The traditional method used for the
production of char is slow pyrolysis, which is conducted at
low temperature by a slow heating process over a long dura-
tion of time with biomass or lignin as feed which eventually
leads to maximum yield of char with moderate amounts of
liquid by-products [75]. Fast pyrolysis of lignin is yet another
incredibly popular technique for the production of a large
fraction of fuel-grade liquid products where the reaction tem-
perature reaches the set point more quickly in a time of 5-7
min which is much quicker compared to that of slow pyrolysis
which takes 20-30 min to attain the reaction temperature. The



Biomass Conv. Bioref. (2023) 13:4515-4553

4523

rate at which heating occurs in fast pyrolysis is 120-127
°C/min with a residence time of about 20 min while the resi-
dence time in case of slow pyrolysis is usually more than
30 min to reach the same reaction temperature at a much
slower heating rate of about 30-39 °C/min [76]. It usually
produces about 60 to 75% liquid, 10 to 20% gaseous, and
15 to 25% solid products by weight [77]. If the liquid products
are to be maximized by altering the reaction conditions, the
char formation will experience a drop [78]. Consequently, the
number of solid products obtained from fast pyrolysis is lesser
than that from slow pyrolysis. Sharma et al. performed the
pyrolysis of lignin at atmospheric pressure and temperature
range of 150 to 750 °C in an oxidative atmosphere of 5%
oxygen in helium. They reported that the char yield decreased
expeditiously, with a rise in temperature until 400 °C.
Subsequently, a decrease was observed with a substantial
surge in liquid product yield at 750 °C. Higher operating tem-
peratures of the reaction system increase the energy of the
bonds, and eventually, the temperature of the system influ-
ences the H/C ratio, i.e., the higher temperature reduces the
H/C ratio due to carbon enrichment in the charred mass [79]. It
was also observed that in an oxidative environment, the char
yield decreased. Despite the finite reactivity of char, its surface
area, presence of inorganic groups, and aromaticity proved to
be essential factors for polycyclic aromatic hydrocarbon
(PAH) formation. Due to the cross-linked nature of the lignin
char, these have low reactivity compared to biochar [80, 81].

4.2 Hydrothermal carbonization

Hydrothermal carbonization (HTC) is a promising technology
to convert lignin into carbon-rich materials which have fuel-

like properties. Kang et al. explored the process of hydrother-
mal carbonization to produce hydrocarbons (liquid products)
and hydrochar (solid residue). The reaction was performed in
a stainless steel autoclave. Lignin and water were charged into
the reactor, nitrogen gas was purged three times to replace the
air and to create an inert atmosphere, and the reaction contents
were heated up to the set values 0o 225 °C, 245 °C, and 265 °C
for a reaction time of 20 h. The solid products obtained were
separated from the mixture, which mainly constitutes the
hydrochar. It was found that hydrochar yield decreased with
an increase in temperature. The recovery of hydrochar was
nearly 20-45%. The high heating values measured from this
hydrochar were 24-30 MJ/kg, which was identical to that of
medium- or high-rank coal, which is a potential burning fuel.
Under carbonization, hemicellulose, and cellulose showed
similar yields (23.5 and 19%, respectively) while lignin
depicted twice the amount of char formation (around 45%)
[82]. Kim et al. conducted HTC of lignin and examined the
chemical and fuel properties of the resulting hydrochar [83].
The experiment was carried out in a 1-L HTC reactor operated
under N, gas. The sample along with an equal amount of
water was charged into the reactor at operating temperatures
of 150 °C, 180 °C, 200 °C, 220 °C, 250 °C, and 280 °C for a
reaction time of 30 min. The properties of the obtained
hydrochar were much similar to coal-like materials and the
C/O and C/H ratios were decreased which was identical to
that of lignite and sub-bituminous coal. The calorific values
of the obtained hydrochar were about 23-26 MJ/kg at 220 °C.
Even though hydrothermal carbonization is considered to be
one of the feasible processes in comparison to pyrolysis where
the reaction takes place at mild conditions, the hydrochar pro-
duced is highly influenced by the type of feedstock

Fig. 7 Solid fuel production from
lignin through hydrothermal
carbonization and pyrolysis
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considered. Moreover, the operating costs prove to be high
when scaled up for commercial purposes.

5 Liquid fuels from lignin

The polymer lignin has the immense potential to pave its way
to challenging and new wood processing technologies giving
rise to a whole lot of different products that find widespread
applications. Right from 1979, fuel from lignin is an essential
topic of research. Glasser presented a statistical report on the
value of fuel products from lignin as 3 to 4 cents/lb [84]. The
production of a wide range of fuel and fuel additives from
lignin has been discussed in several articles. Benzene, toluene,
xylene, and several other oxygen-free compounds were found
to enhance fuel stability. Jet fuel-ranged hydrocarbons (satu-
rated cyclic and straight-chain hydrocarbons) were also pro-
duced from lignin. The following section presents a detailed
discussion on various types of liquid fuels produced from
lignin using different raw material sources under different
processing technologies and operating conditions.

5.1 Single-step conversion into fuels

Early stages of research in the conversion of lignin to useful
products usually involved a single-step reaction. The common
methods adopted for lignin conversion include thermal pro-
cessing technologies such as catalytic fast pyrolysis, direct
hydrotreatment of lignin raw material (hydrogenation,
hydrogenolysis), and hydrodeoxygenation. It was observed
that the direct thermal treatment methods often led to the for-
mation of several oxygenated products, thus deteriorating the
stability of the products to satisfy the characteristics of fuel-
grade materials. However, hydrotreatment took the upper road
by increasing the fraction of oxygen-free compounds which
were found to best suit the current fuel requirements [85-87].
Both these technologies are well-known and are discussed in
detail in the following section (Figs. 8 and 9).

5.1.1 Catalytic fast pyrolysis

A novel method for the conversion of lignin into valuable
products has been a topic of research for several years.
Among many methods developed, catalytic fast pyrolysis
has emerged to be a promising approach [88—92]. The process
is considered one of the most popular, feasible, and econom-
ical methods for the production of fuels from lignin. Unlike
the direct pyrolysis of lignin, which generates a massive por-
tion of oxygenated products due to the hydrogen deficiency in
lignin, catalytic fast pyrolysis stands out due to its catalytic
action coupled with thermal treatment which could improve
the conversion of lignin into oxygen-free products. One major
drawback of this process is the production of stable catalysts
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that can be regenerated for utilization in multiple runs, thus
making the process economically feasible. If a low-cost, high-
ly active, and stable catalyst is synthesized to address the
temperature conditions (200-700 °C) of catalytic fast pyroly-
sis, the future of fuel production from lignin would have a
significant boom in the economy. The process of catalytic fast
pyrolysis has been carried out using varying types of reactors
and different catalysts for the production of aromatics which
are reviewed in the following section.

Li et al. proposed an approach for catalytic conversion of
kraft lignin with HZSM-5 zeolite as a catalyst by fast pyrolysis
for the production of aromatic hydrocarbons [93]. Also, the
effect of temperature on pyrolysis of lignin was performed by
varying the temperatures (500, 590, 650, 670, and 760 °C).
Moreover, the effect of lignin to catalyst and silica to alumina
ratio’s (acidity) of zeolite on product distribution was investi-
gated. The results showed that without the catalyst, the yield
of the product was found to below, and oxygenated aromatic
compounds were formed, while the presence of HZSM-5 cat-
alysts resulted in increased product formation. The increase in
acidity of zeolites (by altering the SiO,/Al,0; ratio from 200
to 25) showed a decrease in the yields of phenols and other
oxygenates. In contrast, the yield of aromatics increased con-
siderably. It can be observed that the degree of deoxygenation
and production of aromatic compounds increased with the
acidity of the zeolites. A similar study conducted by Fan
et al. described the production of BTX using zeolite catalyst
under various reaction conditions (250-500 °C) [14]. The se-
lectivity of the catalyst towards BTX production was favored
with an increase in reaction temperature (> 300 °C). However,
at high temperature (450 °C), the formation of alkanes and
olefins were observed due to secondary cracking. Also,
BTX yield decreased with varying lignin to catalyst ratio.
Ma et al. studied the effects of various transition metal oxide
and metal loaded on zeolites for conversion efficiency of py-
rolysis. Transition metals such as cobalt, molybdenum, nickel,
iron, manganese, and copper were used in the process for
converting lignin into aromatic hydrocarbons. It was further
proved that the HZSM-5-supported on cobalt and nickel cat-
alysts magnified the formation of aromatic hydrocarbons [94].
Small pore size was also essential for the effective deoxygen-
ation and depolymerization of lignin [93].

A combination of HZSM-5 with a basic co-catalyst MgO is
highly selective in the production of aromatic monomers com-
pared to HZSM-5 [95]. Lignin was subjected to an in situ
catalytic pyrolysis technique where a maximum bio-oil yield
of 35.95 wt% was observed. The use of catalyst remarkably
decreased the yield of oligomers and maximized the yield of
aromatic monomer. Further, a novel method for the conver-
sion of lignin by catalytic fast pyrolysis of lignin constituted
an in situ step catalyzed by natural zeolite and an ex situ step
catalyzed by HZSM-5 catalyst [96]. The temperature of the
first reactor was fixed at 500 °C, and that of the second reactor
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Fig. 8 Process flow diagram for
the conversion of lignin into
liquid fuels

Fig. 9 Outline of various
methods for the production of
liquid fuel additives from lignin
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was 500-600 °C. The experimental results depicted that the
natural zeolite aided the increase in alkylphenols and pyrocat-
echols with a decrease in the quantities of guaiacols and eu-
genols, i.e., natural zeolite significantly lowered the heavy
lignin pyrolyzates. The two-stage catalytic effect of natural
zeolite-HZSM-5 produced high amounts of pyrolysis bio-oil
(majorly consisting of benzene, toluene, ethylbenzene, and
xylene) and only a small quantity of coke formation was ob-
served [97]. Lately, Xie et al. suggested a novel route for
pyrolytic conversion of lignin over Co/ZSM-5 in an ex situ
catalytic microwave-assisted technique to upgrade the bio-oil.
The catalyst was synthesized by excessive wetness impregna-
tion method with ZSM-5 supported over 5 wt% cobalt metal
and the reaction was performed in a central composite exper-
imental design (CCD) at the desired temperature. The results
from the experiments showed a peak value of ~ 80% ketones,
furans, phenols, and guaiacols and a gas yield of ~60% with a
major portion of H, and CO [98].

An interesting reaction mechanism for the production of
high quantities of aromatics by a catalytic co-pyrolysis reac-
tion of black liquor lignin and waste plastic was also investi-
gated [99]. The co-pyrolysis reaction of the extracted lignin
and different types of plastic (polyethylene, PE; polypropyl-
ene PP; polystyrene, PS) was performed in a fluidized bed
reactor. This reaction depicted an extremely high yield of pet-
rochemicals and xylene in the presence of the different cata-
lysts, viz., LOSA-1 (light olefin enhancing the FCC catalyst;
microporous catalyst), spent FCC (spent microporous catalyst
regenerated from Fluid Catalytic Cracking), gamma-Al,O3,
and sand. The petrochemical yield decreased in the following
order: LOSA-1 > spent FCC > gamma-Al,O3 > sand. The
reaction of black liquor lignin with PE and LOSA-1 showed
an aromatic and olefin yield of 29.9 and 14%, respectively.
Due to the complex structure and indigent physical and chem-
ical property, the lignin pyrolysis oil had a considerable frac-
tion of oxygenated products that require to be additionally
upgraded before usage as fuels or fuel additives. It is trivial
to reduce the oxygen content of the pyrolysis oil to enhance
their stability, to be miscible with conventional oil (petrol or
diesel), and to increase their H/C ratio. Another study by
Zhang et al. used the Raney nickel catalyst promoted by
ZSM-5 in a microwave-induced pyrolysis step for the conver-
sion of lignocellulosic feedstock. The reaction yielded Cg—C ¢
aromatics with a 26.68% carbon yield. The catalyst perfor-
mance was compared by using three different catalysts, name-
ly, NP Ni, RANEY® Ni 4200, and lab-synthesized RANEY®
Ni. Lab-synthesized RANEY® Ni showed a maximum selec-
tivity of 84.59% of fuel-ranged cycloalkanes while NP Ni and
RANEY® Ni 4200 depicted 59.51 and 58.90% selectivity
respectively [100]. Further study, for the production of the
fuel-grade alkanes by coupling plastics with lignocellulosic
feed, was carried out using microwave-assisted catalytic py-
rolysis. The reaction mixture was depolymerized over ZSM-5

@ Springer

catalyst at 375 °C producing a carbon yield of 40.45% with a
selectivity of 90% towards fuel hydrocarbons [101].

Detailed analysis on the zeolite catalyst for the pyrolysis of
various lignin types has been discussed to enhance the desired
product distribution and researchers have been working on the
highly structured mesoporous catalyst. Recently, certain re-
search proposed a catalytic reaction over a supported mesopo-
rous silica catalyst for a high selectivity towards BTX by fast
pyrolysis of lignin. The pyrolysis reaction was carried out over
MCM-48 support loaded with different quantities of AI** or
Zr** metals for amplifying the aromatic hydrocarbons, partic-
ularly BTX. The yield of BTX varied from 17.0% (MCM-48)
to 32.5% (AI/MCM-48 (8.4%) and 49.4% (Zr/MCM-48
(2.9%) due to the escalated acidity of the catalysts. The results
highlighted that Zr** loaded over MCM-48 emerged as a po-
tential catalyst for converting lignin into oxygen-free products
such as BTX [102]. Custodis et al. proposed a method for the
catalytic fast pyrolysis of lignin over mesoporous aluminosil-
icate catalyst [103]. The experiments showed that it was dif-
ficult to determine a clear relationship between the aromatics
yield and aluminum content for mesoporous catalysts.
However, the acid sites were able to catalyze pyrolysis inter-
mediate compounds towards less oxygenated phenols and ar-
omatic hydrocarbons. Bentonite clay is a naturally occurring
mesoporous material containing aluminosilicate. The catalytic
fast pyrolysis of lignin over bentonite was carried out by
Elfady et al. with activation of the catalyst using mineral acids
like HC1, H,SO,, and H;PO, [104]. HCl-activated bentonite
clay (sodium-rich montmorillonite catalyst) was found to be
one of the promising catalysts in the catalytic fast pyrolysis of
lignin in the formation of BTX, alkylbenzene, naphthalene,
indenes, and ortho- and para-xylenes. The formation of aro-
matic hydrocarbons from the complex structure of lignin was
due to the presence of Bronsted acid sites caused due to acid
treatment.

For the first time, conversion of solid waste to fuel ranging
hydrocarbons and hydrogen-enriched fuel gases were reported
by Duan et al. which included a catalytic fast co-pyrolysis of
lignin and soapstock in the presence of a corn stover derived
porous activated carbon catalyst (ACC). A fixed bed reactor
was used for conducting ex situ co-pyrolysis in an inert N,
atmosphere under various pyrolysis temperatures (400-550
C) lignin/soapstock ratios (1:4, 1:2, etc.) and catalyst/feed ra-
tios (1:4, 1:2, etc.). The yield of aromatics (fuel range of Cg—
C16) was found to reach the highest value of 87.8%, and the
H, yield was found to be around 76.4% vol. Enhancement of
the quality of bio-oils took place due to the excellent
soapstock properties leading to a fuel-ranged aromatic yield
of approximately 99.8% at a 1:2 ratio of lignin/soapstock.
Furthermore, ACC was found to enhance the decomposition
of soapstock and paved the way towards improved hydrogen
radical formation leading to a maximized yield of aromatics
[105]. One of the major disadvantages of the CFP process is
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the char formation of large particle size, posing a challenge in-
field application. However, selective catalysts are synthesized
that pave the way towards reduced char formation along with
recyclability.

Pyrolysis vapor upgrading of lignin Bio-oil is a highly oxy-
genated liquid product obtained from various catalytic or non-
catalytic thermochemical processes which can be upgraded
into fuels and useful chemicals [106]. Lam et al. have clearly
explained the general composition of chemical functional
groups [107]. So far, numerous techniques have been
discussed in the previous section for enhancing liquid prod-
ucts derived from the thermochemical treatment of lignin. In
this section, a detailed analysis of the different technologies
studied for upgrading pyrolysis vapor products will be elabo-
rated. Catalytic treatment of the hot pyrolysis vapors would
result in subsequent cracking and upgrading, thus preventing
the condensation and re-evaporation of bio-oil. This validated
the advantage of the catalytic fast pyrolysis technique
[108-110]. Gooty et al. elaborated on a method to separate
the lignin pyrolysis vapors and studied the composition to
enhance the quality of the obtained vapors. The pyrolysis of
kraft lignin was conducted in a bubbling bed reactor coupled
with an internal stirrer. The reaction was carried out at 500 °C;
during optimization of the reaction, the temperature of the
reactor was 450, 500, 550, and 600 °C, and the bed tempera-
ture was altered to 600 °C from 450 °C to maintain a vapor
residence time of 1.5 s. The vapor condenser system consisted
of an electrostatic precipitator cum-condenser (C-ESP) be-
tween two cyclonic condensers. The results showed that dry
bio-oil obtained after condensation was found to have 94%
phenolics at 550 °C. It was further observed that the heating
value of the products obtained was comparable to ethanol;
therefore, this technique serves as a promising path for the
production of high-quality fuels and fuel additives [111].
Although oxygenated fuels show good heating values, for
industrial fuel applications, deoxygenated fuels are the most
desired. Consequently, the reduction of the oxygen content in
the bio-oil is crucial for a wide range of biofuel applications.
From pyrolysis upgrading, the general yield of liquid products
is around 60-90% depending on the operating temperature.
As the temperature increases above 550 °C, the yield of gas-
eous products increases, and hence, the focus is to be properly
emphasized depending on the type of product required. Above
700 °C, the pyrolysis method is generally adopted to derive
gaseous products with yield ranging from 50 to 70% which is
clearly discussed in the section 6 [112].

Upgrading the lignin pyrolysis vapors can be performed
either in the absence of hydrogen by cracking and aromatiza-
tion or in the presence of hydrogen by hydrodeoxygenation.
Upgrading methods in the absence of a hydrogen atmosphere
usually involve a catalytic treatment with zeolite catalysts.
Zhou et al. proposed a method for the direct fast pyrolysis of

lignin vapors over HZSM-5 catalyst. The fast pyrolysis reac-
tion was conducted in a continuous fast pyrolysis reactor, and
the vapor produced from this step was subjected to a down-
stream upgrading in the presence of a catalyst in a fixed bed
reactor. The experimental results showed that a high temper-
ature of about 600 °C was required for the production of
oxygen-free products (mainly benzene and toluene: 70% of
the total organic liquid produced). However, it was found that
the organic product yield decreased substantially in the ab-
sence of catalyst: while at low temperature < 300 °C), the
catalyst traps a considerable amount of reactants causing a
decrease in the yield of liquid products. In the presence of
the HZSM-5 catalyst, oxygen is rejected from the pyrolysis
vapors in the form of water and carbon monoxide [113]. Fan
et al. described in situ and ex situ upgrading of lignin with
HZSM-5 catalyst by microwave-assisted pyrolysis of lignin at
550 °C. The experimental results depicted that low bio-oil and
high gas yield was obtained at a higher temperature (450 °C)
and catalyst to lignin ratio (1:10). The higher catalyst to lignin
ratio lowered the selectivity of methoxy phenols from 73.7 to
22.6%, while for aromatics, it ranged from 1.1 to 41.4%. The
ex situ step also proved to yield a higher percentage of syngas
with low CO, along with high selectivity towards aromatics
[114]. Lee et al. discussed a catalytic upgrading of lignin by
catalytic fast pyrolysis where the vapor products, derived from
the non-catalytic pyrolysis approach, were upgraded using a
mesoporous Y zeolite catalyst. The results from the catalytic
and non-catalytic reactions were compared, and the observa-
tions showed that a large number of phenolics were obtained
as the major product in the absence of catalyst, while mono-
and polyaromatic hydrocarbons were observed as major prod-
ucts in the presence of the catalyst. This was attributed to the
more significant portion of acid sites in mesoporous Y zeolite
catalyst. The experiment was also performed using AI/MCM-
41 catalyst for a comparative study on the effect of acidity in
product distribution. Also, the number of mono-aromatics
maximized from 4 to 18% when the meso-Y/lignin ratio in-
creased from 1:1 to 3:1 [115]. Lately, Xie et al. suggested a
novel route for pyrolytic conversion of lignin over Co/ZSM-5
in an ex situ catalytic microwave-assisted technique to up-
grade the bio-oil.

A few techniques of upgrading the lignin pyrolysis vapors
using hydrogen by hydroprocessing are discussed in this sec-
tion. Olcese et al. detailed a method for the production of
aromatic chemicals by the hydrotreatment of lignin pyrolysis
vapors using iron-based catalysts. The catalysts used in this
study were Fe/SiO, and Fe/AC (AC, activated carbon) which
were relatively inexpensive. The catalyst showed an excellent
selectivity towards benzene, toluene, xylene, cresols,
alkylphenols, and phenol. Ten percent Fe/AC depicted a
higher polyaromatic aromatic hydrocarbon yield than 15%
Fe/Si0,, while 10% Fe/AC showed a low aromatic hydrocar-
bon yield compared to 15% Fe/SiO, [116]. Zheng et al.
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proposed yet another promising route for the production of
aromatic hydrocarbons by catalytic cracking of the lignin py-
rolysis vapors over Mo,N/y-Al,O5 catalyst. The catalyst
displayed a high selectivity towards aromatic products, ben-
zene and toluene and a negligible amount of dimethylbenzene.
At a catalyst to lignin ratio of 4, a maximum of aromatic
hydrocarbon of 17.5% (at 700 °C) was observed with the
highest benzene yield of 70.1% (at 800 °C); on the other hand,
the yield was only 1.4% for the reaction conducted in the
absence catalyst [117].

5.1.2 Hydrothermal liquefaction

Hydrothermal liquefaction is found to be one of the well-
known depolymerization techniques which convert biomass
constituents into bio-oil at supercritical conditions of the sol-
vents in the presence of a catalyst. The bio-oil obtained is
found to contain less amount of oxygen in comparison to other
pyrolysis and thermal treatment processes. The reaction is
found to be usually carried out under higher pressure (4-30
MPa) and low temperatures (200400 °C) with or without the
influence of hydrogen atmosphere [118]. Several researchers
have been working on the conversion of lignin into useful
hydrocarbons under the influence of various solvents in their
supercritical state, in the last few years.

Gosselink et al. investigated a novel method for lignin de-
polymerization in a supercritical solution of carbon dioxide/
acetone/water for the generation of aromatic chemicals [119].
The experimental study was carried out on both organosolv
hardwood and wheat straw lignin for a relative study.
Hardwood and wheat straw organosolv lignins were
depolymerized in a supercritical carbon dioxide/acetone/water
fluid to produce 10—12% monomeric aromatic by using small
amounts of formic acid as a hydrogen donor. These yields are
comparable to other techniques like base-catalyzed lignin de-
polymerization. However, during this reaction, a substantial
amount of char was formed due to a competition between
lignin depolymerization and recondensation of the fragments.

Interestingly, Ma et al. developed a process that used mo-
lybdenum catalysts supported on Al,O3 along with the com-
bination of supercritical ethanol on treatment with lignin
[120]. The reaction was performed in a batch reactor at a
temperature range of about 280 °C for 6 h. This reaction
yielded 60% ortho- and para-xylene as its primary aromatic
hydrocarbon product with a high-octane number and hence
can be used as a fuel additive

Various experimental investigations were performed for
lignin deconstruction by the usage of several solvents.
Huang et al. proposed a promising method for the depolymer-
ization of lignin using ethanol as a capping solvent. A thermo-
catalytic reaction in supercritical ethanol over CuMgAlO; cat-
alyst was carried out. Here, ethanol functions as a solvent that
provided high monomer yield than methanol. High-yield
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production of monomeric aromatics from lignin was possible
using a CuMgAIO, catalyst in supercritical ethanol with low
char formation [121].

Riaz et al. proposed a method to produce a high-calorific
value bio-oil from concentrated acid hydrolysis derived lignin
in a supercritical ethanol solution [122]. Formic acid in this
reaction was used as an in situ source of hydrogen. The results
depicted a conversion of 92% with a lignin-derived bio-oil
yield of 85 wt% even at a short reaction time. The components
in bio-oil obtained by this process were principally phenols,
esters, alcohols, and traces of aliphatic hydrocarbons.

Interestingly, Zeng et al. put forward a promising route for
modifying the complex lignin structure with biomimetic
Fenton as a catalyst. The modified organosolv lignin product
was then subjected to depolymerization in supercritical etha-
nol solution. The depolymerization step provided a conver-
sion of 66%. The major constituents of the organic products
derived from the above step include aromatic hydrocarbons,
phenols, dicarboxylic acids, and their esters. The char formed
in the reaction underwent recondensation and thus augmented
the liquid product yield, which can be further treated to re-
move oxygen and produce jet fuels [123]. The main disadvan-
tage of the liquefaction process was its higher energy con-
sumption than other methods and is also predicted to be fa-
vorable for biomass sources with high water content [124].

5.1.3 Hydrotreatment

Hydrotreatment is a crucial pathway for fuel-based product
formation because it is highly effective in the complete remov-
al of oxygen species. Hydrotreatment, as the name suggests,
involves a hydrogen atmosphere for conducting the reaction.
However, purging hydrogen gas is an expensive process, and
hence, hydrogen donor solvents which by themselves act as a
source of hydrogen. Hydrotreatment includes hydrogenation
and hydrogenolysis, which differ in their reaction mecha-
nisms, respectively. Hydrogenation is a process in which sat-
urated compounds are formed from unsaturated organic com-
pounds, i.e., it is the reaction that occurs between molecular
hydrogen and an organic compound, while hydrogenolysis
refers to the cleavage of the C—C bond present in a large
organic compound due to the reaction of the site with molec-
ular hydrogen resulting in the formation of two smaller com-
pounds from the initial reactant.

In recent years, several researchers have been keenly work-
ing on noble metal catalysts. Several applications of Pt, Pd,
Ru, and Rh have been reported in the past few decades for
effective hydrotreatment [125—130]. Kloekhorst et al. demon-
strated an approach for catalytic depolymerization of Alcell
lignin using Ru/Ti0O, catalyst to produce a lignin-derived bio-
oil composing of 9.1 wt% alkylphenols, 2.5 wt% aromatics,
and 3.5 wt% catechols for 78 wt% of lignin intake [86].
Agarwal et al. reported experimental results on the
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hydrotreatment of kraft lignin with an iron-based catalyst for
the production of aromatics and alkylphenols. In this study,
the utilization of external solvent was slashed by
implementing limonite (iron ore) as a promising
hydrotreatment catalyst for kraft lignin. The results predicted
that for a lignin intake of 31 wt%, 92 wt% of the products
comprised of volatile and low molecular weight compounds
(alkylphenolics and aromatics). The experimental investiga-
tions showed that the highest yield of alkylphenolics and aro-
matics were obtained by using limonite catalyst. In contrast,
other Fe-based catalysts like goethite and iron disulfide
showed low activity [85]. Ni-based catalyst on silica-
alumina support has been found to have the edge over the
other transition metal catalyst due to their multi-functional
properties such as cleavage of C—O—C linkages, breaking of
Caromatic=O, and Cyjiphaiic—O linkages in the produced phenolic
oligomers, secondary and primary phenolic polymers. One-
pot conversion of lignin to hydrocarbons was done using a
nickel catalyst on amorphous silica—alumina support [131]. It
was inferred from the experiment that (i) nickel supported on
Si0,, AlL,O5 or ZrO,, TiO,, and MgO produce a yield of 11
wt%. In comparison, nickel amorphous silica—alumina exhib-
ited a lignin conversion of 78 wt% with 18 wt% liquid yields.
(ii) Furthermore, it was found that this catalyst was effective in
non-polar solvents than in some polar solvents. (iii) The high
yield of 18 wt% was recovered by using dodecane as the
solvent. (iv) Any increase in temperature of dodecane from
250 to 325 °C resulted in an increase in the liquid yield from
18.0-43.9 wt%. (v) It was concluded that the products obtain-
ed were 80.8% C5—Cy (gasoline range), 6.5% C,¢—C4 (kero-
sene range), 12.7% C,4—C,7 (diesel range), naphtha, and par-
affin under optimum conditions. Coke formation is one of the
major concerns faced during the upgrading of bio-oil. The
coke formation is primarily due to polymerization reaction
during the hydrotreatment process. The undesirable coke for-
mation under these high-pressure reaction conditions not only
lowers the carbon efficiency of bio-oil but also clogs the re-
action chamber and the active sites of the catalyst causing
catalyst deactivation [132].

Koranyi et al. experimented with a novel method for lignin
upgrading using a combination of copper-based and nickel
catalyst in a supercritical ethanol solvent. This was a method
for direct hydrodeoxygenation of lignin using mixed Cu—Mg-—
Al oxide (CuMgAIO,) catalysts with Ni—based co-catalysts
like Ni/SiO,, Ni,P/SiO,, and Ni/ASA (ASA, amorphous sili-
ca—alumina) to reduce the oxygen content. The process was
performed using soda lignin, and the Ni-~ASA co-catalyst was
found to show maximum monomer yield, which was compa-
rable to CuMgAlO,. Yet another combination catalyst of
CuMgAlO, and Ni,P/SiO, with ethanol solvent at the same
reaction conditions proved to enhance the lignin monomer
yield and considerably reduced the oxygen content to produce
a monomer yield of 53 wt% with completely deoxygenated

aromatic compounds with a hydrodeoxygenation degree of >
80 wt% [133, 134]. Thus, solvents play a prime role in
upgrading reactions of lignin-derived bio-oils. The effect of
solvents on the fuel production from lignin-derived com-
pounds is discussed in the following section.

5.1.4 Effect of H - donor on hydrotreatment

Hydroprocessing is done either directly on the lignin feed-
stock or as an upgrading step. H-donor solvents play a prime
role in upgrading reactions of lignin-derived bio-oils, and
these include water, alcohols, esters, and other organic
solutions.

Feng et al. reported a systematic analysis of the impact of
various solvents on the hydrogenation of lignin-derived phe-
nolics. The experimental observations showed that the con-
version of the phenolics decreased with increasing polarity/
polarizability ratio. Hence, water, ethyl acetate, tetrahydrofu-
ran, and hexane showed 100% conversion of phenols, while
propanol and butanol displayed a selectivity of 96.0 and
97.4%, respectively. It was further concluded that water and
hexane were excellent hydrogenation solvents for upgrading
the lignin oil [135]. Shafaghat et al. performed a catalytic
hydrogenation reaction of lignin-derived phenolics over acti-
vated carbon-supported noble metal catalysts (Pd and Pt)
using decalin and tetralin as the hydrogen source. The results
show that Pt/C showed higher catalytic activity than Pd/C at a
temperature of 500 °C and also depicted the superiority of
decalin over tetralin in the formation of approximately
42.5% of deoxygenated products [136]. Wang et al. elaborat-
ed the effect of solvent on hydrogenolysis of diphenyl ether
over Raney nickel catalyst. The hydrogenolysis of diphenyl
ether was conducted using different solvents such as metha-
nol, ethanol, 2-propanol, Hex-F-2-PrOH, 1-butanol, 2-buta-
nol, t-butanol, ethyl acetate, tetrahydrofuran, 2-Me-THF,
1,4-dioxane, n-heptane, decalin, and methylcyclohexane
(MCH). Of these solvents, Hex-F-2-PrOH and MCH pro-
duced 100% conversion with 21.8% cyclohexane selectivity
for MCH. Methanol, ethanol, 2-propanol, and butanol showed
high selectivity towards benzene and cyclohexane though
their conversions were low [137]. Xue et al. proposed a novel
approach suggesting the role of tetralin a hydrogen donor
during the catalytic co-pyrolysis of corn stover lignin for the
production of aromatics and olefins. The reaction was con-
ducted in a tandem micropyrolyzer over HY and HZSM-5
zeolite catalysts by maintaining the temperature of each oven
at 900 °C independently under atmospheric pressure condi-
tions. The experiment results depicted that the coke formation
decreased with HY zeolite catalyst with additional 1.72 C%
while the aromatic hydrocarbon yield increased from 48.79 to
66.23 C% at a temperature of 600 °C. The synergistic effects
between tetralin and lignin were negligible with HZSM-5
compared to HY zeolite catalyst [138].
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The solvent effect for improving the bio-oil quality by se-
lectively producing a greater portion of oxygenates is vital for
industrial fuel production. Fan et al. proposed the technique of
catalytic co-pyrolysis of lignin and polyethylene with HZSM-
5 and MgO for enhanced bio-oil properties. The reaction was
conducted in MAX-type microwave oven with lignin and
low-density polyethylene (LDPE) with a desired temperature
and a set heating rate of 40—50 °C/min. LDPE was observed to
be an excellent hydrogen donor which enhanced the stability
and improved the quality of bio-oil. HZSM-5 accelerated the
aromatics yield while MgO mainly concentrated on alkylation
reactions, and the phenolic products were effectively formed
at lignin to LDPE ratio of 1:2 [139]. Duan et al. proposed a co-
pyrolysis reaction of lignin and polypropylene to upgrade the
quality of bio-oil by an ex situ catalytic microwave heating
scheme. The co-pyrolysis reaction was conducted in a MAX
microwave oven with 2450 MHz frequency and 1000 W pow-
er. The polypropylene acts as a hydrogen donor in the pres-
ence of the HZSM-5 catalyst, and the main components of
bio-oil were aromatics and cycloalkanes. The cycloalkane
yield was found to be 47.78% at lignin to polypropylene ratio
of 1:2 [140]. Heroguel et al. detailed the effects of solvent on
lignin deconstruction and hydrodeoxygenation. The low sol-
ubility of real lignins in alkanes limits its use as a solvent for
depolymerization reactions. This can be addressed by sup-
pressing the solvent binding capacities by shifting from acti-
vated carbon to oxophilic metal oxide supports such as TiO,
producing 32 mol% of 50/50 (mole ratio) mixture of cyclo-
hexanes and cyclohexanol [141].

5.1.5 Hydrodeoxygenation

Hydrodeoxygenation (HDO) is yet another promising method
for upgrading lignin into useful oxygen-free products. This
process is different from hydrotreatment techniques such as
hydrogenation and hydrogenolysis as this reaction involves
the removal of oxygen from organic compounds by its reac-
tion with molecular hydrogen. The general reaction is men-
tioned in Eq. (1). HDO reactions are usually carried out in the
presence of a suitable catalyst to yield high fractions of desired
products.

Oxygenated organic compound + H,—H,0

+ Oxygen free products (1)

Direct hydrodeoxygenation using lignin from biomass feed-
stock to fuels Lignin, a principal resource for addressing the
energy future, is the second largest source of organic raw
material comprising 16-25 wt% of hardwoods, 23-35 wt%
of softwoods, and 4-35 wt% of most biomass [142]. Lignin is
found abundantly in woody crops—Alcell, Curan 100,
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hardwood, pine, kraft, softwood-sulfur free, etc.—and fiber
crops—abaca, bagasse, Flax SF, flax oxidized, hemp, jute,
sisal, straw, etc. The lignin from these biomass feedstocks
can be efficiently isolated by different techniques and can
further be used for the production of chemicals of great im-
portance [143—-149].

Lignin is the second most abundant and complex aromatic
polymer capable of substituting aviation fuels. However, bio-
jet fuels have a high freezing point and become unstable when
put to operation in engines [126, 150]. Proper tailoring of the
final products is required to produce 100% alternate aviation
fuel from biomass sources. The products should be in line
with ASTM, D7566, and ASTM D1655 standards as
highlighted by the sustainable aviation fuel management.
Such standards are specified for the alternative fuels to replace
the conventional jet fuel and have to satisfy certain quality and
viscosity parameters [151]. Cycloalkanes are an integral part
of'the jet fuel composition. In the following section, a detailed
note of the production of cycloalkanes from lignin is
discussed. The work by Jan et al. focused on hydropyrolysis
of lignin for the formation of cycloalkanes using HZSM-5 and
Pd/HZSM-5 catalyst. It was observed that the PA/HZSM-5
catalyze the hydrogenation reaction, thus aiding the removal
of oxygen from the phenolics producing hydrocarbons and
cycloalkanes. The reaction was conducted at 650 °C under
1.7 MPa constant partial pressure of hydrogen which pro-
duced 44% aromatic hydrocarbons. It was found that the pres-
ence of palladium significantly improvised the yield of
cycloalkanes [152]. Wang et al. suggested the depolymeriza-
tion reaction for the conversion of lignin to jet fuel hydrocar-
bons by an aqueous-phase hydroprocessing step. The lignin
feedstock used in this reaction was alkali-extracted corn stover
lignin subjected to a hydrodeoxygenation reaction. The cata-
lysts experimented with within this study were Ru/Al,O5 and
zeolite. The results showed that the reaction conducted in the
presence of the combination of the above two catalysts at 280
°C showed a maximum conversion of 92.73% with a total
product distribution of 12.25 wt% comprising of 3.31 wt%
C6—C11, 70.41 wt% C12—C18, 26.28 wt% C>lg, by carbon
number and 72.84 wt% alkyl cyclohexane by chemical struc-
ture [153]. Wang et al. proposed the production of biofuels
from lignin via a catalytic hydrodeoxygenation reaction. The
hydrodeoxygenation reaction was performed using a bimetal-
lic and bifunctional catalyst which is obtained by loading low-
cost transition metals like iron (Fe), nickel (Ni), copper (Cu),
and zinc (Zn) over the Ru on HY zeolite. Out of the variety of
the bimetallic catalysts tested in different runs, the authors
reported that Ru—Cu/HY catalyst showed a maximum selec-
tivity towards hydrocarbon products with > 99% conversion
comprising of 44.8 wt% of cyclohexane [154, 155]. HY zeo-
lite was used along with Ru/Al,Oj5 catalyst for the depolymer-
ization reaction of pinewood lignin and the influence of the
products produced by this step in the hydrodeoxygenation
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reaction was investigated. A maximum conversion of 58.9%
was achieved at a 2:3 ratio of HY and Ru/Al,O5 respectively.
A total product yield of 22.3% was observed with high selec-
tivity of 72.6% towards cyclohexane [156]. Kong et al. sug-
gested a methodology for the conversion of lignin to
cycloalkanes using a nickel catalyst. In this method, C5;—C,
hydrocarbons were generated using transition metal Ni/ASA
catalyst in non-polar solvent. The results showed very high
alkane selectivity > 90% in all the runs experimented [157].

Using lignin model compounds The direct
hydrodeoxygenation of lignin posed severe challenges due
to its extremely complex nature consisting of a network of
phenolics such as guaiacol, anisole, cresols, phenols, and eu-
genol. The necessity arises for the selective treatment of the
respective monomeric units for efficient conversion into al-
kanes and arenes, which turn out to be desirable components
of liquid fuel additives. Employment of novel catalytic sys-
tems proves to be necessary for the production of the required
oxygen-free products [87]. Several bifunctional catalysts that
are classified as noble, non-noble, and bimetallic have been
used by various studies and are explained in the following
section in this topic.

(a) Noble metal catalysts Noble metal catalysts generally in-
clude platinum, palladium, ruthenium, rhodium, etc., which are
coupled with a variety of supports such as alumina, silica, zeo-
lites, and carbon and pave the way in the formation of deoxy-
genated products. Bui et al. compared the classical sulfided Co—
Mo and Ni-Mo on Al,O3 supports alongside noble metal-based
catalysts (Rh, Pt-Rh, and Pd—Rh on ZrO,) [158] and showed that
the activity of Rh-based catalysts was found to be much higher
than the sulfide catalysts with better selectivity towards cyclo-
hexane (~ 42%). The influence of Bronsted active acidic sites
due to the presence of an acidic medium in the formation of
cyclic alkanes was well understood by the work of Zhao et al.
[159]. Weng et al. investigated the potential of various bifunc-
tional catalysts such as Pd, Pt, Ru, and Rh, supported on carbon,
Si0,, Al O3, ete. respectively. A maximum of 92% selectivity
towards cyclohexane production was observed with Rh/C cata-
lyst in the presence of phosphoric acid (H;PO,4) [160]. Rhenium
catalysts were also tested on zirconia support (Rh/ZrO,) for the
HDO of guaiacol, and the results showed an 87.7% yield of
cyclohexane as the deoxygenated product [161].

Ruthenium catalysts supported on carbon were also used in
the HDO of guaiacol and anisole, and the study observed a
100% conversion with higher selectivity towards benzene
product formation [162]. Carbon nanotubes (CNT) supported
Ru catalyst (Ru/CNT) were compared with carbon-supported
noble metal catalysts (Ru/C, Pt/C, Pd/C, and Rh/C) in the
HDO of eugenol and was found to exhibit propyl cyclohexane
selectivity of around (94%) which was much larger than the
yields obtained from carbon-supported catalysts [163].

Several zeolite types were used as support, and such noble
metal bifunctional catalysts have been used as HDO catalysts
by several researchers. Kurnia et al. described a method of in
situ lignin-derived bio-oil upgrading using aluminum-rich ze-
olites and showed that HZSM-5 had the maximum selectivity
towards monoaromatic hydrocarbons [164]. Ruthenium sup-
ported on HZSM-5 was found to exhibit a 99% conversion
along with a yield of 96.3% cyclohexane when one-pot HDO
was carried out on aqueous lignin-derived phenolics. The se-
lectivity was found to be highest in comparison to other silica
and alumina supports, and the catalyst was also found to be
highly recyclable. The reaction with the same catalyst was
also implemented on lignin model compounds like anisole,
catechol, and guaiacol, and cyclohexane conversion was
found to be in the range from 93.4 to 95.7% [165].
Palladium was also used on HZSM-5 support in the
hydrodeoxygenation but was found to be ineffective in the
stripping of oxygen, thereby producing a greater yield of
cycloalcohols. But the combination of Pd/C and HZSM-5
catalyst yielded 90% cyclic alkanes when phenol and 4-
propyl phenol were used as substrates [166].

BTX production was also possible by the usage of noble
metal catalysts on zeolite supports such as H/Beta, Meso Beta,
and MMZBeta [167]. Catalytic hydrodeoxygenation of
anisole at 400 C using Pt/H-Beta catalyst yielded about
40.2% benzene along with 31.8% toluene and 14.4% xylene.
Platinum catalysts supported on microporous and mesoporous
zeolite supports (Pt/H-Beta, Pt/Meso Beta, Pt/MMZBeta, etc.)
were also used as HDO catalysts considering guaiacol as a
lignin model compound, and the results showed major cyclo-
hexane products with yields of about 26.13%, 45.28%, 23.94,
and 37.45% for Pt/Meso Beta, Pt/H-Beta, PtMMZBeta, and
Pt/AVMCM-48, respectively [168]. HDO of guaiacol was also
done using MFT zeolite (MFI framework type from ZSM-5)
supported platinum catalysts (Pt/H-MFI-90). A complete con-
version took place with cyclohexane as a major product, and
the yields were found to be enhanced (up to 88%) when the
reaction temperature was increased up to 200 °C [169]. Ninety
percent cyclohexane selectivity was observed with reduced
1% Pt/H-MFI-90 catalyst when the hydrodeoxygenation was
conducted at 180 °C [170].

The cost-effectiveness, increased activity, and higher selec-
tivity of the noble metal ruthenium [171] on Beta supports
were capitalized and turned out to be a better HDO catalyst
in comparison to Pd/C, HZSM-5, and Ru/HZSM-5 catalysts.
Yao et al. studied HDO on diphenyl ether and found that the
Ru/H-Beta and Pt/H-Beta showed the highest selectivity to-
wards cyclohexane [172].

Interestingly, hydrodeoxygenation of guaiacol in the pres-
ence of palladium catalysts combined with tungsten oxide
(WO,) acidic sites supported on alumina (Pd/WO,/Al,05)
led to 88.4% cyclohexane yield with 32% Pd metal loadings
(Pd32WA) [173]. Silica—alumina combined bifunctional

@ Springer



4532

Biomass Conv. Bioref. (2023) 13:4515-4553

noble metal catalysts ((Rh, Pd, Ru)/SiO,—Al,03) were also
tested for the HDO of guaiacol, and greater cyclohexane
yields of 57%, 46%, and 60% were observed with Rh/SiO,—
Al,O3, Pd/Si0,—Al,05, and Ru/Si0,—Al,O3, respectively
[174]. The effect of zirconia support in combination with tita-
nia on ruthenium catalysts as HDO catalysts were studied by
Lu et al. [167]. Guaiacol was considered as the substrate and
the reaction led to higher benzene yields (around 45%) with
Ru/TiO,—ZrO, (1:3) catalyst. At the same time, cyclohexane
was also formed as a major product with Ru/TiO,, Ru/ZrO,,
and Ru/TiO,—ZrO, (molar ratios of 1:1, 1:3, and 3:1) cata-
lysts. Luo et al. [175] found that effective C—O bond cleavage
was possible with Ru/SZ (sulfate—zirconia support) in com-
parison to other zeolite-based catalysts such as Ru/HY, Ru/H-
Beta, and Ru/HZSM-5, yielding about 75% benzene products
along with ethylbenzene during HDO of
phenethoxybenzenelignin-derived aryl ethers. Other —0—4,
o—0—4, and 4-O-5 etheric lignin derivatives were also tested
with Ru/SZ and were found to exhibit about 78% benzene
yields. Higher benzene yields were observed by lignin-
derived phenolic monomers such as anisole (90%), guaiacol
(83%), syringol (74%), 4-methyl guaiacol (85%), and 4-
methyl syringol (80%). A novel route was introduced by
Luo et al. for a one-pot quantitative HDO of
phenethoxybenzene (PEB) to benzene and ethylbenzene over
Ru/SZ in the aqueous phase. The conversion attained by using
Ru/SZ and Pd/SZ exceeded 90% in 20 min, while Pt/SZ mere-
ly reached a conversion of 3% under the same conditions.
With time as the variable, the total amount of aromatics pro-
duced by using Pd/SZ as catalyst was 50%, while the aromatic
yield on Ru/SZ increased to 90% in 100 min [176].

The diffusion of the formed oxygenated products on the sur-
face of titania (TiO,) for the generation of cycloalkanes was
effectively studied by Lu et al. by using Pd/TiO, as an HDO
catalyst [177]. On consideration of the different titania phases
such as anatase and rutile is support, the highest selectivity to-
wards cyclohexane (around 70%) was observed with anatase
TiO,-supported palladium catalysts. But, the low HDO efficien-
cy of palladium (Pd) during HDO reaction was due to its in-
creased H, consumption for aromatic ring saturation than for
oxygen removal, while metallic ruthenium and molybdenum
carbides were found to be the active phases for deep deoxygen-
ation to benzene resulting in complete oxygen removal [178].

Interestingly, noble metal catalysts were also coupled with
the triflate anions present in the super Lewis acid species
depicted a perfect catalytic system for the production of jet
fuel-range hydrocarbons. The results displayed that more than
30 wt% of the hydrocarbon products generated from the cat-
alytic depolymerization reactions comprised of cyclohexane
and alkyl cyclohexane, which are vital components in jet fuel.
Of the different catalysts applied for the various runs of the
reaction, Hf(OTf); + Ru showed a peak hydrocarbon yield of
> 99.9% with a conversion of > 99% [179].
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(b) Non-noble metal catalysts The major drawback of noble
metal-based catalysts lies in their cost and their limited avail-
ability for large-scale production of fuels [180-183]. Hence,
cheaper heterogeneous metallic catalysts (Fe, Ni, Co etc.) with
hydrogenation functionalities were used for the effective de-
oxygenation of lignin model compounds [184, 185]. Out of
the several transition metal catalysts, Ni-based catalysts were
found to exhibit excellent activities and product selectivity
[186]. Various metallic catalysts along with mesoporous ma-
terial support such as AI/MCM-41 [187], SBA-15 [188], and
molecular sieves [189] have attracted widespread attention
due to their large pore size and surface area in comparison to
other zeolite types.

Ni was coordinated with AI-SBA-15, which exhibited en-
hanced hydrothermal stability for upgrading lignin-derived
bio-oils [190]. One hundred percent conversion was observed,
and higher selectivity of propyl cyclohexane (around 79%)
and propyl benzene were obtained over Ni/Al-SBA-15 in
the presence of ethanol than in water. Nickel catalyst was also
tested with different supports like ZrO,, Al,O3, Al,O3-KF,
SBA-15, and AI-SBA-15 using diphenyl ether as a lignin
model compound [191] and Ni/Al-SBA-15 was identified as
an excellent catalyst for HDO of diphenyl ether, with com-
plete conversion into cyclohexane with 98% selectivity. The
products obtained from this reaction were found to be similar
in properties to those hydrocarbons derived from petroleum
and hence exhibited their potential as fuel sources. Yang et al.
also carried out the HDO reaction with nickel catalysts under
various supports such as SBA-15, alumina, titania, carbon,
cerium oxide, and Al-SBA-15 using anisole as substrate.
More than 60% benzene yields were observed with carbon
supports, while a maximum of around 70% yields of cyclo-
hexane was observed with SBA-15 supports. Predominant
benzene yields were also seen at higher contact times for all
catalysts (30-60%) [192].

Further, Zhang et al. [193] suggested the usage of Ni on the
combination of SiO,—ZrO, (silica—zirconia) support for inves-
tigating catalytic hydrodeoxygenation on various phenolic
compounds such as phenol, guaiacol, cresol, vanillin, and eu-
genol. A range of SiO,—ZrO, supports with a various molar
ratio of Si/Zr were synthesized and designated as SZ-n. For
comparison study, guaiacol was treated with a range of cata-
lysts ZrO,, Ni/ZrO,, SZ-3, Ni/SZ-1, Ni/SZ-3, and Ni/SZ-5,
where Ni/SZ-3 was found to have 100% conversion. Phenol,
o-cresol, eugenol, etc., underwent complete conversion, and
the major product was cyclohexane. High-yield hydrocarbons
such as cyclohexane, methylcyclohexane, dimethyl cyclohex-
ane, propyl cyclohexane, toluene, xylene, and other alkyl-
substituted benzene were produced by Ni/SiO,—ZrO, along
with the added advantage of less coking. HDO of lignin-
derived bio-oil with Ni/SZ-3 catalyst yielded 54.99% cyclic
alkanes and around 7.82% aromatic hydrocarbons. Recently,
the effective formation of active sites due to the interaction of
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nickel (Ni), silica (Si0O,), and titania (TiO,) was studied by Lu
et al. [194] for the catalytic hydrodeoxygenation of guaiacol.
Cyclohexane was found to be one of the major products (90%)
at optimum temperature and pressure conditions (200-220
°C), while 40-60% benzene was also formed at a higher tem-
perature range when 2:1 Ni/SiO,—TiO, was used. Ni/SiO2
catalyst supported on beta zeolites (Hf3 zeolite) also exhibited
higher cyclohexane yields (91.7%) [195] when
hydrodeoxygenation of guaiacol was carried out at a very
low temperature of about 140 °C. Interestingly, iron catalysts
supported on silica (Fe/Si0,) were used for gas-phase
hydrodeoxygenation (673 K, 1 atm) of guaiacol units yielding
about 38% benzene—toluene (BT) with around 74% HDO
conversion [196].

Non-metallic catalysts were also used in the form of their
oxides, nitrides, carbides, or phosphides, which were found to
be exceptional in the HDO of lignin model compounds.

Phosphide-supported Ni catalysts with varying Ni/P ratios
were also investigated for the conversion of guaiacol into hy-
drocarbons via atmospheric HDO, where Ni/P = 1 exhibited
58.7% benzene yield in a continuous reactor operating at 300
°C [197]. Silica-supported metal phosphide catalysts such as
Ni,P/Si0,, Co,P/Si0,, and MoP/SiO, were also tested for
obtaining fuel additive-based deoxygenated products such as
benzene [198]. The HDO reaction resulted in a 60% benzene
yield for Ni,P/SiO, catalyst followed by 52 and 53% for
Co,P/Si0, and MoP/SiO,, and these were obtained at higher
contact times (20.2 min). ZSM-5 acidic support in combina-
tion with Ni,P was also used for HDO of m-cresol, and the
results showed that the catalyst was highly selective towards
the formation of 90% methylcyclohexane as a product, and it
was also found to be moderately recyclable for further reac-
tions [199]. Nickel phosphide catalysts on various supports
such as alumina, silica, and zirconia were also tested for the
HDO reaction of guaiacol and Ni,P/SiO, catalyst exhibited
around 71.9% selectivity towards benzene which was found
to be higher in comparison to Ni,P/ZrO, (32.4%) and N;,P/
AlL,O3 (30.9%) catalysts [200].

Increased usage of bulk molybdenum oxide catalysts have
been observed for the catalytic HDO of lignin-derived pheno-
lic compounds [201, 202]. Zhang et al. synthesized two dif-
ferent catalyst-reduced and pristine MoO3 and conducted the
HDO reaction in a stirred autoclave reactor under H, and N,
atmosphere on various monomeric units such as phenol, eu-
genol, vanillin, guaiacol, diphenyl ether, o-cresol, and trans-
anethole. Oxygen vacancy of MoOjs attributed to the aroma-
ticity of hydrocarbons paved the way towards high benzene
selectivity (97.2% for phenol) during hydrodeoxygenation,
and the catalyst also proved to be highly recyclable [203].

Carbon-supported molybdenum catalysts were also used
for vapor-phase HDO of lignin-derived phenolic mixture
[204]. Mo,C catalyst exhibited a 40% yield of benzene when
the reaction was carried out using anisole as a model

compound. High yield of aromatics (above 90%) such as ben-
zene and toluene were also observed when the catalyst was
treated on phenolic compound mixtures consisting of anisole,
m-cresol, guaiacol, and 1,2-dimethoxybenzene. TiO,-sup-
ported Mo,C, MoP, MoOs3, and Mo, N catalysts were also
employed to produce benzene and cyclohexane products after
HDO of phenol and 15 wt% of Mo,C supported on TiO,
exhibited the maximum HDO activity and about 90% benzene
selectivity was obtained for all the catalysts [205].

(c) Bimetallic catalysts Bimetallic catalysts have gained wide-
spread attention by several researchers owing to the effective
synergistic effect between two different metals, causing en-
hanced selectivity towards the desired products in comparison
to other monometallic catalysts [206]. The introduction of a
second metal as a promoter has proved to be successful in
maximizing yields to the required products. Improving the
product yield is crucial in lignin conversion due to its complex
structure which paves the way towards recondensation and
formation of undesired products. Hence, the addition of a
second metal has proved to enhance the catalytic activity,
thereby improving the product selectivity [207].

Conventional bimetallic sulfide catalysts were used on the
lignin-derived monomeric units for the production of oxygen-
free hydrocarbons [208]. Yoosuk et al. [209] suggested the
usage of unsupported amorphous sulfide catalysts (Ni-Mo
sulfides) for HDO of phenol. Interestingly, Ni/(Mo + Ni) ratio
contributed a significant part in the promotion of the catalyst,
and around 96.2% conversion was achieved by Ni-Mo-S-0.3
catalyst with benzene and cyclohexane selectivity of 30.4 and
52.4%, respectively according to literature.

Application of sulfide cobalt and molybdenum-based cata-
lysts such as MoS,, CoMoS with alumina supports (MoS,/y-
Al,05; and CoMo/y-Al,03) in hydrodeoxygenation of
guaiacols, was discussed by Bui et al. [210]. The study
showed that the presence of cobalt in combination with mo-
lybdenum sulfide (MoS,) elevated the HDO performance.
The reaction was carried out with the continuous passage of
H,S to maintain the sulfide state of the catalyst, and the pri-
mary product was found to be cyclohexane for MoS, (acidic
nature) and benzene for CoMoS catalyst. But, a study con-
ducted by Lin et al. showed that CoMo catalyst produced
phenol and methyl phenol as major products when guaiacol
was subjected to hydrodeoxygenation, and the sulfide cata-
lysts posed serious coke formation during the course of the
reaction [158]. The deposits of the conventional metal-sulfide-
based catalysts were found to affect the catalytic activity by
choking and plugging of catalyst beds and blocking catalytic
sites [211]. Also, the stability of sulfide catalysts involved
continuous co-feeding of H,S, which had a very high possi-
bility of catalyst deactivation due to the high oxygen content
in lignin-derived bio-oils and also leading to contamination of
the final products [212]. Thus, significant efforts have been
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made to develop non-sulfide metal-based catalysts on various
supports such as carbon and zeolites for bio-oil upgrading.

Noble metal catalysts such as ruthenium and rhenium were
fixed on various supports to yield hydrocarbon products
[213]. Hydrogenolysis of the C—O bond present in guaiacol
was further enhanced using rhenium (Re) in the bifunctional
Ru-—Re catalyst supported on carbon owing to its acidic be-
havior causing dehydration to cyclic alkanes. Around ~ 57%
cyclohexane selectivity was achieved by using RuRe/C (0.5)
catalyst during its catalytic transfer hydrogenation (CTH) with
guaiacol and 2-propanol as lignin model compounds. HDO
activity was further studied by the usage of various carbon
supports such as activated carbon (AC), carbon black
(Vulcan carbon (VC)), and multi-walled carbon nanotube
(MWCNT) in the Ru—Re metallic combination [214].
Enhanced cyclohexane selectivity (41%) and recyclability
were observed by RuRe/MWCNT owing to the effective C—
O bond cleavage attributed to the oxophilic nature of Re dur-
ing HDO of guaiacol.

Interestingly, noble metals were also coupled with non-
noble metallics for improved deoxygenation due to their
unique synergistic effect and to lower the cost of using noble
metals. Monoliths such as Pt-Sn coated with CNF (carbon
nanofibers)/Inconel were used as HDO catalysts with guaiacol
and anisole as lignin-derived monomers. It resulted in BTX
formation after complete deoxygenation and trans-alkylation
steps. Hence, this catalyst exhibited favorability towards bio-
oil upgradation [215]. Bimetallic Pd—Fe catalysts [184] sup-
ported on carbon were also used for the HDO of guaiacol in
the vapor phase, and the results exhibited a deoxygenated
product yield of 83.2% (benzene, toluene, and other alkylated
hydrocarbons) when the reaction was carried out using 2Pd—
10Fe/C at 450 °C. This dual combination portrayed a higher
HDO activity to yield complete deoxygenated products in
comparison to other monometallic catalysts such as Cu/C,
Fe/C, Pd/C, Pt/C, and Ru/C.

Iron—ruthenium oxide catalyst (FeReO,/ZrO,) also showed
the highest BTX yield of about 50.5 wt% when HDO was
carried out using anisole, m-cresol, and guaiacol since zirco-
nia and ruthenium were found to be effective dehydration
promoters [216].

Modified titania on Pd/SiO, was also studied for its HDO
activity (280 °C) with guaiacol, and a similar interaction of
TiO,—Pd attributing to the formation of deoxygenated prod-
ucts such as cyclohexane (80% yields for Ti, (Pd/SiO,) [217].
For conversion of lignin-derived phenolics into transportation
fuel, bimetallic Cu—Ni catalysts supported on pure MCM-41
and Ti incorporated MCM-41 porous materials were also used
in the HDO reaction using lignin-derived guaiacol [202]. CuO
and NiO combination with Ti-MCM-41 exhibited excellent
reduction properties. Higher guaiacol conversion and selectiv-
ity were observed in CuNi/Ti-MCM-41 in comparison to
CuNi/MCM-41 due to the presence of strong acid sites
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generated by tetrahedrally coordinated Ti species within the
silica geometry leading to abundant hydrogenolysis and dehy-
dration with the hydrogenated sites of Cu—Ni. This proves that
Ti-MCM-41 serves as productive catalyst support for the
HDO of lignin-derived phenolics to saturated hydrocarbons.
Also, Fang et al. [218] explained the strong synergistic effect
of Ni along with the oxophobic nature of Fe which led to a
more excellent cyclohexane selectivity (99.8%) when Ni-Fe
(5:1) catalysts supported on CNT were subjected to HDO
reaction by the usage of guaiacol as substrate.

Polyoxometalates (POMs) having comparable oxidation/
reduction traits along with Bronsted acid sites were also used
as a support for molybdenum during HDO of anisole and 4-
propyl guaiacol. POM/TiO2 exhibited a 44% yield of benzene
along with 12% alkylated aromatic hydrocarbons when the
reaction was carried out using 4-propyl guaiacol. HDO result-
ed in propyl benzene and alkylated propylbenzenes as major
products [196]. Table 3 gives the list of several HDO catalysts
that have been used in the conversion of lignin model com-
pounds into fuel additive products such as BTX, cyclohexane,
and other hydrocarbons.

5.2 Stepwise approach for conversion into fuels

The multiple-step approach was found to be a significant route
for the conversion of lignin into oxygen-free products in com-
parison to the one-step processes which yielded low oxygen
content aromatic monomers. The bio-oils produced from bio-
mass by various thermochemical technologies proved that it is
composed of more than 400 compounds. These chemicals
strongly correspond to the feed composition. Though the sep-
aration of the various chemicals remains confronted due to
profound difficulties, several earlier reports suggest the qual-
itative analysis of the derived bio-oil [228]. It is also prevalent
that bio-oils are composed of varying sized molecules, which
are principally derived from fragmentation reactions of the
three essential constituents of biomass, namely, cellulose,
hemicellulose, and lignin. In this section, we concentrate on
the bio-oils derived from lignin and study the various
upgradation methods [229]. Numerous methods were stated
for the production of phenolic derivatives from various lignin
sources in the form of lignin-derived bio-oils [230-233]. The
products derived from the fast pyrolysis of lignin are the
cheapest renewable green liquid fuel from bio-waste today.
But this pyrolysis oil remains unsuitable for industrial fuel
application due to its instability resulting from high oxygen
proportion. An integrated approach for the complete removal
or reduction in the oxygen content of the bio-oil is essential for
industrial commodity feedstock. Moreover, stabilized bio-oil
is unsuitable to be used directly as a fuel because of its intrin-
sically low energy content (calorific value < 20 MJ/kg) and
high oxygen content of about 30-50%. Therefore, a further
centralized upgrading is preferred to produce deoxygenated
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fuel products that are commercially compatible [234]. Hence,
methods of direct hydrotreating of lignin to obtain a higher
fraction of deoxygenated products are critical.

The two-step reactions are the most popularly practiced
method lately, which fundamentally involves a depolymeriza-
tion step for the production of aromatic lignin monomeric
products and an upgrading step which is carried out based
on the type of product desired [235-237]. There are numerous
depolymerization techniques such as different pyrolysis tech-
nologies, hydrothermal liquefaction, hydrogenolysis, and
single-step HDO. The products obtained from these processes
are further upgraded by oxidation, hydrogenation, or
hydrodeoxygenation (HDO); of these HDO, is the most prom-
ising and widely analyzed technology. The most suitable
upgradation method is chosen based on the product, one
desires.

5.2.1 Depolymerization—-hydrotreatment

Important technology adopted for upgradation of lignin-
derived bio-oil is catalytic hydrogenolysis, which has drawn
broad attention lately. This method provides gratifying results
in the production of oxygen-free compounds by selective
cleavage of ether bonds present in bio-oil and enhancing the
hydrogen content in it. Moreover, in this process, the
hydrogenolysis takes place without any reaction with the aro-
matic ring, thereby preserving it in the case where aromatic
compounds are desired or further hydrogenated if alkanes are
desired [238]. Elaborate research has been carried out in the
past few decades for the catalytic upgrading of lignin-derived
bio-oil and comparatively studied by analyzing the
upgradation of the lignin model compounds using noble met-
al, transition metal, sulfided metallic catalysts, etc.

Ning Yan et al. studied a two-step process for the selective
depolymerization of wood lignin using noble metal catalysts.
In this method, the production of methanol and alkanes were
done by depolymerization, followed by the hydrogenation
technique. Lignin depolymerization was done with activated
carbon-supported catalyst, namely, Ru/C, Pd/C, Rh/C, and Pt/
C under hydrogen atmosphere. The products obtained from
this step include primarily four lignin monomers,
guaiacylpropane, syringylpropane, guaiacylpropanol, and
syringylpropanol. The results showed that the yield (in wt%)
indicated that 33.6% of monomers and 8.7% of dimers were
obtained. Also, the addition of H3PO4 (0.2 wt%) increased the
efficiency of the process to 37.9 wt% monomers and 9.9 wt%
dimers. The monomers and dimers thus obtained from the
depolymerization step were further subjected to the second
step hydrogenation process into alkanes and methanol. The
products produced at the end were reported as 42 wt% Cg—
Cy alkanes, 10 wt% C;4—C,g alkanes, and 11 wt% methanol
[239]. Liquefaction is another well-known depolymerization
technique and has huge precedence in comparison to other

thermochemical techniques. It is a superior method due to
the single-step production of lignin-derived bio-oil without
the need for any prior drying. This suggested more significant
economic benefits resulting from low energy consumption
[240, 241]. Yet another coupled reaction (depolymerization—
hydrogenolysis) in a single pot was discussed by Yi Shao et al.
using niobium-based catalysts. Generally, The C—O bonds
present in the aryl ethers are strong, and hence it is a tedious
task to break these C—O linkages. However, it is essential that
the reaction does not disrupt the structure or the aromatic rings
but only selectively breaks the C—O linkages. It is thus vital to
promote the cleavage of the C—O bond rather than to hydro-
genation of the aromatic rings to selectively produce arenes
from lignins. To address this, a Ru/Nb,Os catalyst was used to
produce liquid hydrocarbons under mild reaction conditions
of 250 °C and 0.7 MPa hydrogen pressure for 20 h. A total
mass yield of 35.5% of liquid hydrocarbons and 29.9% C,—Cyq
hydrocarbons were reported [242]. Huang et al. described a
favorable catalytic depolymerization reaction conducted in the
presence of a reusable Ru/SiC catalyst, which is capable of
being regenerated by calcination reaction without altering the
catalytic performance of the catalyst. The lignin oil is extract-
ed using a hydrocarbon solvent, hexane. Further,
hydrotreatment of the lignin oil was conducted in different
solvents using MoOjs catalyst [243]. The lignin obtained from
wood biomass was converted by early-stage catalytic conver-
sion into bio-oils along with cellulose pulp. Subsequently, the
lignin oils obtained were catalytically upgraded in the pres-
ence of Ni/SiO, catalyst under H, pressure. The selectivity of
the catalyst is high towards aliphatics or aromatics. The pro-
cess mainly renders two-branched hydrocarbons (gasoline:
Cs—C10, kerosene/diesel: C;4—C,(). The hydrocarbons obtain-
ed by this process are predominantly oxygen-free and hence
are used as engine-grade fuels [244].

Aqueous-phase hydrogenation of pyrolytic lignin oils was
studied by Haoxi Ben et al. for the production of renewable
gasoline. The method inferred that the pyrolysis oil contains a
water-soluble phase and a water-insoluble phase. Of these, the
water-insoluble phase is tedious to upgrade due to the com-
plex aromatic molecular structure. A two-step method was
adopted for the hydrogenation of the insoluble pyrolysis oils,
i.e., heavy oil. The first step was found to produce aromatic
molecules by the hydrolytic disruption of ether linkages and
methoxy bonds. The second step of hydrogenation was per-
formed to convert the residual unconverted heavy oil to ali-
phatic alcohols and aliphatic compounds for effective utiliza-
tion as gasoline [245]. Zhao et al. elaborated on the catalytic
upgradation method for the production of aromatics from py-
rolytic lignin bio-oil. The reaction of pyrolytic oils (PLs) with
the ZSM-5 catalyst resulted in boosting the yield of aromatic
compounds with approximately 40% of carbon yield with a
low release of sulfur effluents. The results with ZSM-5 depict
its high selectivity towards aromatic hydrocarbons of 87% and
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ruggedness of the catalyst towards coke formation. Thus, the
pyrolysis reaction of PLs is a novel approach for the produc-
tion of fuel additives and a range of chemicals [246]. Bi et al.
depicted a catalytic depolymerization methodology for the
conversion of lignin into green fuel which produced Cg—C;5
aromatics with a selectivity of 94.3%. The first step of the
reaction involves the catalytic pyrolysis of lignin in a contin-
uous flow pyrolysis reactor, which produces a large fraction of
oxygenates, mainly phenolic derivatives of lignin with a low
quantity of aromatic hydrocarbons. In order to improvise on
the number of aromatics, the reaction was catalyzed by
HZSM-5. This step was followed by alkylation to generate
Cs—C,5 aromatics by a catalytic reaction using ionic liquid
catalyst of [bmim]CI-2AICl; at 500 C accompanied by a hy-
drogenation reaction in order to reduce the amount of oxygen-
ates. The results from the catalytic deconstruction of lignin
depicted maxima of C4—Cg aromatics at 500 °C with a
HZSM-5 selectivity of about 75%. The alkylation reaction
aided a high conversion of the typical monomers such as ben-
zene, toluene, naphthalene, and methylnaphthalene [247]. Yet
another significant technique for the hydrocarbon production
from PLs obtained by the removal of water-soluble phase
from lignin was chosen as the feed material whose upgrading
is done in a dual reactor system with HZSM-5 at atmospheric
pressure. Due to the highly viscous nature of the derived PLs,
it is pivotal for co-processing with tetraline. The experimental
observations show a satisfactory aromatic hydrocarbon yield
of 84 wt% [248]. Therefore, zeolites are incredibly popular in
the catalytic upgrading of lignin oil derived from the pyrolysis
step.

5.2.2 Depolymerization—-hydrodeoxygenation

The most prevalent method of upgrading bio-oil is
hydrotreating. Catalysts are broadly used in the petroleum
industry for the upgradation of pyrolysis oil [249, 250].
Zakzeski et al. proposed a method for the production of
aromatics and hydrogen from lignin using a
depolymerization-reduction technique. Here, the depoly-
merization technique used was liquid-phase reforming
(LPR). The lignin was solubilized in an ethanol/water
mixture, and it was reported that the solvent exceedingly
magnified the solubility of lignin and culminated in the
yield of aromatic products in a single-pot LPR step. The
reforming reaction was Pt/Al,O; catalyzed, and 17%
lignin-derived guaiacol products were isolated. Very min-
imal char formation is one of the greatest advantages of
the liquid-phase reforming technique. Subsequently, the
products from LPR are charged to a second catalytic con-
version step using reduction catalysts in the presence of
30 bar H, at a temperature of 273 K. In conclusion, var-
iations in the product compositions were observed with
organosolv or bagasse lignin as compared to the kraft
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lignin. Due to the use of NaOH as a co-catalyst, a high
monomeric product yield of 11.6% for organosolv lignin
was noted while sugarcane bagasse produced only 2.2%
aromatics [251]. Jongerius et al. propounded another
promising two-step method for the conversion of lignin
into fuel-grade products by liquid-phase reforming
followed by hydrodeoxygenation. The first step entails
LPR of lignin with 1 wt% Pt/y-Al,O5 catalyst in alkaline
ethanol-water mixture. The products obtained from this
step are highly oxygenated lignin-derived monomeric
products which are not fit for utilization as fuels due to
the vast portion of oxygen present in them. A second step
is carried out for the removal of oxygen from the LPR
products by HDO reaction using dodecane as solvent at
300 °C and under 50 bar hydrogen pressure on
CoMo/Al,0O3 and Mo,C/CNF catalyst. The products ma-
jorly obtained from these steps include benzene, toluene,
and xylenes, and ethyl methyl benzenes, which are pri-
marily used as fuel additives [236]. A propitious two-
stage process for the production of hydrocarbons and
alkylphenols through successive hydrogenolysis followed
by HDO was done by Lin et al. This involved
hydrogenolysis as its first step leading to a monomeric
product yield of about 19.2% by the usage of Pd/C,
CrCls, and methanol as solvent. The best liquefaction of
lignin (around 82.6%) was also observed with Pd/C and
CrCl; at 280 °C and a reaction time of about 5 h. Due to
the lack of stability and increased oxygen content in the
depolymerized products, an upgradation step (HDO) was
conducted using 2 wt% Ru/TiO, catalysts (prepared by
photochemical methods) at 300 °C under 10 bar H, pres-
sure. The results show that 26.5% yield of hydrocarbons
along with 49.7% alkylphenols (containing 24.5% of
arenes along with 2% of cyclohexane) was formed [252].

Intriguingly, a potential three-step strategy was pro-
nounced by Lofstedt et al. for biodiesel production from lig-
nin. The feed for this process was kraft lignin obtained from
black liquor by precipitation. The first step involves the use of
a mild Ni-catalyzed transfer hydrogenation/hydrogenolysis
using 2-propanol, which gave a lignin residue comprising of
ethers, carbonyls, and olefins. This residue was further ester-
ified in the second step using an organo-catalyst with an in situ
tall oil fatty acid (TOFA) anhydride at 130 °C under vacuum
gave an esterified lignin residue that was highly soluble in
light gas oil. The esterified products were processed with light
gas oil (LGO) in a flow reactor to yield a completely deoxy-
genated diesel product. This technique revealed the viability
of recycling both the catalyst and solvent by precipitating
lignin using isopropanol as an H donor for the Ni-catalyzed
hydrogenolysis [253]. Indeed, this technology will enhance
the progress of new methods to treat commercial lignin in
prevailing oil refineries for standardized widespread transpor-
tation fuels in the future.
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6 Gaseous fuels

From the literature, we can observe that various thermochem-
ical processes such as gasification, pyrolysis, and steam
reforming were adopted for the conversion of biomass-based
resources such as lignin into useful gases which can have
widespread applications (heat, electricity, etc.) [254]. The var-
ious gaseous products are obtained via gasification of lignin
which includes synthetic gas (CO + H,), hydrogen gas (H,),
methane (CHy), etc. Synthetic gas, which is a combination of
CO + H,, proves to be one of the important gaseous fuels used
for the production of various diesel and liquid fuels and can be
considered to be a prime substitute to other fossil fuels for
generating power [255]. Hydrogen gas, on the other hand, is
also regarded as a clean gaseous fuel because of its zero-
polluting effect caused due to the evolution of only water
vapor during combustion. Figure 10 gives a brief idea about
the conversion of lignin into gaseous products through pyrol-
ysis, steam reforming, and gasification, respectively.

6.1 Pyrolysis

The pyrolysis method was adopted initially for the gasification
of lignin, and it was carried out at higher temperature ranges of
around 650-1000 °C. Iatridis et al. studied the pyrolysis of
precipitated kraft lignin in an electric screen-heater at 650 °C
and 120 s pyrolysis time, which yielded 4.8 wt% CHy,
9.2 wt% CO, etc., along with other gases and phenolic liquids.
A similar apparatus was used for the pyrolysis of milled wood
lignin at temperatures higher than 1000 K, which yielded CO
18.24 wt%, CHy4 3.07 wt%, and CO, 4.01 wt% as the major
gaseous products. [256]. Conventional primary pyrolysis of
Klason lignin (from almond shells) and kraft lignin (from
eucalyptus wood) were also carried out by Caballero et al. in
a pyrophobe apparatus [257, 258]. The former was examined
for 20 s reaction time under various temperatures with maxi-
mum gas yields—2.47% CHy, 9.29% CO, and 6.98% CO, at
800 °C—while the latter exhibited maximum gas yields—
4.91% CHy, 12% CO, and 9.53% CO, at a higher temperature
range of 750-800 °C for 30 s pyrolysis time. Fast pyrolysis of
lignin focusing on hydrogen production was experimented by
Baumlin et al., which adopted two different reactors—image
furnace reactor and an electric furnace for the pyrolysis of
kraft (KL) and organocell lignins (OCL). The GC analysis
done after recovering the vapors with the help of zeolite car-
tridges reported high yields of hydrogen (50 mol%) and syn-
gas (87 mol%) when pyrogasification of KL was carried out in
an electric furnace at 980 K, and it was comparative with the
H, yields of image furnace (50 mol%). A very few works
based on lignin pyrolysis to gaseous products were studied
in the past few decades, which also reported varying H, frac-
tion yields leading to inconsistency [259]. Recently, a combi-
nation of both pyrolysis and gasification reactions of lignin

was performed in a fixed bed two-stage catalytic reaction sys-
tems for hydrogen gas production [260]. With nitrogen carrier
gas and nickel catalysts, the reaction mixture was heated to a
pyrolysis temperature of 500 °C for 30 min followed by 800
°C heating in the second reactor. About 60% vol yields of H,
were reported when lignin was gasified with Ni Zn—Al (1:1)
catalyst due to its excellent catalytic performance, and the
major gaseous constituents were found to be CO, H,, CO,,
and CH,. The pyrolysis process is generally used to produce
fuel products from biomass-based feedstock and has limited
applications in the conversion to gaseous products. Moreover,
the pyrolysis process takes place in the absence of air/oxygen
which is not considered to be a feasible condition for produc-
ing useful gases. Hence, gasification processes are found to
have an edge over commercial pyrolysis methods in gaseous
fuel production [261].

6.2 Steam reforming and gasification of lignin-rich
residues

Newer technologies such as aqueous-phase reforming (APR)
and steam reforming were developed, which mainly focused
on the production of hydrogen gas. But only limited research
was done using lignin as feedstock. Researchers also turned
their attention towards the production of gaseous products by
re-using lignin-rich residues obtained from various biofuel
industries.

Discussing steam reforming, Ferdous et al. (Reactors et al.
1985) conducted such a process using powdered Alcell and
kraft at atmospheric pressure for the production of H, and
other medium heating value gases by the passage of steam at
various flow rates. Conversion yields increased with an in-
crease in temperatures (61% at 650 °C to 76% at 800 °C for
Alcell lignin; 66% at 650 °C to 88% at 800 °C for kraft lignin).
The experiment also analyzed the activity of steam reforming
catalyst Ni/Al,O3, which showed a maximum of 63 mol%
Hsat 750 °C at 0.3 g catalyst loading (for Alcell lignin). It
was also observed that the H, yield increased from 47 to
51% with an increase in catalyst loading. CO yield also in-
creased from 19 to 22 mol% with an increase in loading of
catalyst from 0.1 to 0.3 g. Zakzeski et al. performed an APR of
various types of lignin (kraft, soda, Alcell, sugarcane bagasse)
with the combination of H,SO,4 and 1% Pt/Al,O5 as catalysts.
Highest H, yield of about 8.83% along with 1.52% CO, and
3.06% CH, yields were observed for Alcell lignin, and similar
yields were observed when the catalyst was recycled [262].

For maintaining a sustainable biorefinery, researchers also
started working on the conversion of residues obtained from
bioethanol (2G) production which were rich in lignin content
into productive fuel gases. Oxygen and steam gasification of
lignin-rich residues (from straw and cane) were experimented
with by Cerone et al. [263]. The usage of steam as a co-
gasification agent helped in upgrading the quality of the
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Fig. 10 Gaseous fuel production
from lignin: pyrolysis, steam
reforming, and supercritical
gasification
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gaseous products along with the enhancement of the H,/CO
ratio from 0.44 to 1.21, which proves to be one of the essential
parameters for producing biofuels. This method resulted in
higher syngas heating values (LHV 10.9 MJ/m®), and the
maximum H,/CO ratio was found to be 2.08. Lignin was also
exposed to microwave radiation under the action of nickel and
iron catalysts for the production of hydrogen [264]. Maximum
syngas selectivity of 84.5%, along with a 90% hydrogen re-
covery was observed when carbon dioxide reforming of kraft
lignin waste was performed with 1.45 wt% Ni deposition on
lignin alongside 0.1 wt% Fe as an active component.
Thermally effective and efficient scalability of updraft gas-
ifiers were capitalized by Cerone et al. [262] for the thermal
gasification of residues procured from bioethanol-producing
industries. Equivalence ratio (ER) of 0.25 was set during the
air gasification (29.56 kg/h and 29.04 kg /h air flows) for
producing high heating values. Sixty-four gasification effi-
ciency was achieved with 27.2 g of H,, 696 g of CO, and
23.4 g of CH, yields for 1 kg of residue as feed.

Effective gasification of lignin residues was also possible
from the adoption of different gasification technologies (fixed
bed updraft gasification (air), bubbling fluidized bed gasifica-
tion (oxygen/steam), and indirect gasification (steam)) leading
to 0.6-1.0 Ho/CO yields and 18-80 g/Nm® tar content [27].
Indirect gasification, which showed promising results yielded
an average of 8.6 vol% H,, 13.9 vol% CO, 17.9 vol% CO,,
and 5.9 vol% CHy for lignin A (from the steam explosion of a
wheat straw) while for lignin B (from enzymatic hydrolysis of
softwood), the gas yields were 14.1 vol% H,, 15.6 vol% CO,
18.0 vol% CO,, and 6.9 vol% CHy. These productive yields
contributed a major part to syngas production, which can be
used for fermentation purposes. Even though gasification and
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aqueous-phase reforming processes have shown remarkable
results in the production of gases such as methane and hydro-
gen from lignin, the limitations lie in the possibility of scaling
up for commercial purposes due to the low yield.

6.3 Supercritical water gasification

A promising method called supercritical water gasification
(SCWG) was effectively used for the conversion of lignin to
gaseous fuel products due to its performance under lighter
conditions (7 < 450 °C) in comparison to other gasification
operations such as pyrolysis, and steam reforming [265, 266].
Superecritical conditions (7, = 374 °C, P, = 22.1 MPa) cause
the lowering of dielectric constant resembling organic sol-
vents, which are polar at room temperature [267]. Hence, they
are found to be exhibit high diffusion and heat transfer rates
showing enhanced solubility with gases and organic com-
pounds in a continuous phase along with efficient recoverabil-
ity from reactor discharges [268, 269].

Hence, supercritical water (SCW) plays a dual role as both
reactant and solvent and paves the way for the production of
gaseous fuel products with minimum coke formation [270].
The presence of heterogeneous catalysts [271] played a crucial
part in improving gasification efficiencies. Lignin was gasi-
fied at low temperatures under supercritical conditions in the
presence of different catalysts such as NaOH, Ni/Al,O3, and
Ru/TiO,. Interestingly, Osada et al. [26] used CHEMKIN III
[272] for the determination of different gaseous compositions
during lignin gasification. Ni/Al,O5 exhibited higher water-
soluble yields and lesser solid yields in comparison to NaOH,
while Ru-supported catalyst (Ru/TiO,) showed negligible sol-
id products with carbon yields of around 31.1 C%. At 0.33
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g/cm’® water density, Ru/TiO, showed the highest gasification
rates with gas yields—14% H,, 44% CO,, and 41% CH,4. A
study also revealed the effect of water density and the two-step
mechanism behind gasification, which involved breaking
down lignin into lower molecular weight units followed by
their catalytic gasification under supercritical conditions.
Osada et al. carried out the SWHG of lignin and 4-propyl
phenol (lignin model compound) in a stainless steel bomb
reactor over supported metallic catalysts (Ru, Rh, Ni, Pd, Pt,
etc.). The gas yields were around 60-70% at 0.1-0.2 g/cm®
water density, while it reached 100% when the water density
was > 0.33 g/cm’ due to the increased lignin—catalyst contact.
Experimental results revealed that Ru showed the highest se-
lectivity towards methane, while Ni followed by Pd exhibited
higher selectivity towards carbon dioxide and hydrogen [272].
A comparison [25] on the stability of various ruthenium cata-
lysts supported on titania (TiO,), carbon, and alumina (Al,O3)
respectively on lignin gasification under supercritical condi-
tions was also done which revealed maximum stability and
recyclability of Ru/TiO, in comparison to other catalysts such
as Ru/C and Ru/y-A,0O3 which undergo a reduction in cata-
lytic surface area when used for a prolonged period.
Interestingly, Resende et al. described the usefulness of quartz
reactors in eliminating the possible catalytic effects from me-
tallic walls [273]. The effect of temperature, reaction times,
and the reactor surface during the SCWG of lignin was stud-
ied. Higher temperatures and stainless steel walls (for cataly-
sis) were found to be essential to obtain higher gas yields for
non-catalyzed lignin SCWG, while high O, H, and C yields
were possible in quartz reactors. An increase in gas yields was
observed at higher temperatures, i.e., from 365 to 725 °C, the
methane yields increased from 0.6 to 9%, carbon dioxide
yields increased from 3.5 to 10.7%, and hydrogen yields in-
creased from 0.1 to 7.5%. A range of various charcoal-
supported noble metal catalysts (RuCls/C, Ru(NH3)sCl5/C,
Ru(NO)(NO3)3/C, RhCl3/C, Rh(NO;);/C, Rh(acac)s/C,
Pt(NH;)4(NOs),/C, PdCl,/C, etc.) were also put into experi-
mentation for gasification of lignin under supercritical condi-
tions by Yamaguchi et al. and the results produced hydrogen
and methane as their major products (results are shown in
Table 4) [275]. Maximum activity was observed by Ru
(NO)(NO3)5/C catalyst, which showed 75.4 C% gas yields
along with 3.1% H,, 2.8% CO, 41.9% CHy, and 51.4%
CO,. Metal salt-supported catalysts also showed increased
reactivities during SCWG of lignin resulting in higher gas
yields, while chloride anions hindered gasification due to its
adsorption on the metal surface. Carbohydrates such as glu-
cose, fructose, cellulose, lignin, xylan, and pulp also served as
feedstocks in the supercritical gasification of lignin using dif-
ferent nickel and ruthenium catalysts (Ni/x-Al,O3, Ni/hydro-
talcite, Raney nickel, Ru/C, and Ru/ —Al,03). Ni/hydrotalcite
(2 wt%, 120 mg Ni) catalyst expressed a higher hydrogen
selectivity of around 20-25% [276]. The average amount of

gaseous products formed during the gasification of the carbo-
hydrates was around 10% (CO, CH4, CO,, H»). The need for
prolonged reactivity of catalysts was found to be important in
commercial-scale gasification reactions. Reduction of gas
yields due to the presence of sulfur compounds was clearly
explained by Osada et al. [274], which effectively capitalized
its previous study [272] regarding the order of reactivity of
different metallic SCWG catalysts (Ru > Rh > Pt > Pd >Ni) at
673 K. It was found that the increase in sulfur impurities
hindered gas yields due to their detrimental effect on the active
sites of Ru catalyst, i.e., with an increase in S/Ru molar ratio (0
to 4) sharp decrease in gas yields (100 to 20 C%) was noted
for both Ru/C and Ru/TiO, catalysts. Hence, a catalyst that
showed profound insensitivity towards sulfur such as Ni/
Al,05-Si0, was used in the sub/supercritical gasification of
lignin [277]. At a temperature of 500 °C and a reaction time of
20 min, the yields of CO,, H,, and CH,4 were found to be 8.1
mmol/g, 5.15 mmol/g, and 2.6 mmol/g respectively. Higher
temperatures of about 550 °C, favored hydrogen (up to 36
mol%) and carbon yields (up to 41 mol%). Gasification of
lignin was also carried out using nickel catalysts supported
on MgO under supercritical conditions [276] where excellent
catalytic performance was exhibited at 873 K with 10 wt% Ni
loading. Yamaguchi et al. utilized bifunctional (reduced and
non-reduced) catalysts (Pd(IT)Ni(IT)/C, [PdNi]red/C,
[PdJredNi(IT)/C, etc.) for SCWG of lignin [278]. Despite hav-
ing a lesser activity in comparison to Ru catalysts, non-
reduced Pd(II)/C and Ni(II)/C exhibited higher selectivity of
H, (15%) and CO, (7-10%) in comparison to other metal
catalysts owing to their bimetallic synergetic effect.

The cost-effectiveness and excellent coke resistance of Ni—
Co combination supported on Mg—Al were used for the pro-
duction of environment-friendly hydrogen gas via supercriti-
cal water gasification of lignin [279]. The reaction carried out
in a batch reactor under operating conditions of 650 C and
26 MPa showed the best performance with a high gas yield of
(12.9 wt%) and hydrogen yield (2.36 mmol/g) with 2.6Ni—
5.2Co0/2.6 Mg—Al catalyst prepared by co-precipitation meth-
od. It was observed that the catalyst showed enhanced activity
along with improved properties when prepared by the co-
precipitation method in comparison to other impregnation
methods [280].

For the first time, Kang et al. adopted a methodology called
central composite design (CCD) for the experimental and sta-
tistical modeling of lignin supercritical water gasification un-
der non-catalytic conditions to predict the maximum product
yields and to minimize the test runs [281]. This was used to
obtain different correlations between parameters such as tem-
perature, pressure, and water/biomass ratio to provide accurate
statistics. By carrying out this reaction under certain condi-
tions, it was observed that a maximum gas yield of 16.1 wt%
and H; yield of 1.59 mmol/g were obtained at 651 °C and 26
MPa. Kudo et al. proposed a hydrothermal reforming for
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Table 4 Catalysts incorporated for the conversion of lignin into gaseous products by sub-/supercritical gasification

Catalyst Temperature Reaction time Products Reference
K
® Hydrogen Carbon carbon Methane

(H) monoxide (CO) dioxide (co,) (CHy)
Without catalyst 673 15 min 3.4% 7.4% 19% 69.5% [272]
Ru/TiO, 0.33 g/em’ of water density 10.7% 0.2% 46.1% 40.7%
RwALO; 9.4% 0.2% 46.9% 42.2%
Ru/C 7.1% 0.5%% 46.8% 43.5%
Rh/C 4.4% 0.2% 47.0% 47.0%
Pt/C 2.9% - 66.5% 26.9%
Pt/AL,O; 14.7% 0.4% 50.3% 27.9%
Pd/C 52% 1.2% 65.1% 24.9%
Pd/ALLO3 26.0% 9.6% 44.4% 18.7%
Ni/ALLO; 18.4 4.0% 58.4% 18.1%
NaOH (0.1 673 15 min 22.0% - 62.0% 15.0% [26]

mol/dm?) 0.33 g/em® water density

Ni/Al,O5 17.0% 4.0% 59.0% 19.0%
RwTiO, 14.0% 44.0% 41.0%
Without catalyst 673 - 21.5% - 43.8% 30.6% [274]
2% Ru/TiO, 11.8% - 50.0% 36.2%
5% Ru/C 4.8% - 52.1% 42.9%
5% Ru/Al,04 14.4% - 49.5% 35.0%
5% Rh/C 2.7% - 50.9% 46.2%
2% Pt/A1,05 16.2% - 57.2% 22.4%
5% Pd/C 13.4% - 55.6% 26.6%
5% Pd/ALLO4 33.5% - 40.0% 23.3%
Charcoal 673 1h 6.9% 23.6% 52.8% 15.4% [275]
RuCly/C lignin 0.10 g, catalyst 0.15 g, water 14.6% - 65.7% 17.1%
Ru(NH,)sCly/C density 0.50 g/em’ 15.6% - 56.6% 26.0%
Ru(NO)(NO3);/C 3.1% 2.8% 51.4% 41.9%
RhCl;/C 30.6% - 53.9% 13.1%
Rh(NO3),/C 5.3% 1.4% 61.0% 30.8%
Rh(acac);/C 4.4% - 49.4% 44.6%
Pt(NH3)4(NO3),/C 6.4% - 52.8% 38.6%
PdCl,/C 15.3% 7.8% 57.7% 17.0%
Pd(NH;),Cl,/C 19.5% 2.6% 63.3% 13.2%
Pd(CH;CO0),/C 7.3% 11.2% 61.8% 17.8%
Pd(NH;)4(NO3),/C 15.2% 10.4% 58.7% 13.4%
NiCL/C 11.7% - 59.6% 26.4%
Ni(CH;CO0),/C 5.1% - 63.0% 30.3%
Ni(NOs),/C 4.9% - 68.2% 25.6%

supercritical gasification of lignin for the production of gas-
eous fuels which can replace the existing natural gas. When
the reaction was carried out in a batch reactor at 350 °C in the
presence of 0.1 M Na,COs, Ru—N/AC exhibited the highest
yield of gaseous products (19.3% CO,, 46.3% CHy, 2.7% H,)
with 87.9% CGE on a higher heating value basis. The alkaline
medium also helped in the prevention of lignin
repolymerization, causing sufficient cleavage of bonds for im-
proved gasification yields [282].
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The synthesis of gaseous fuels by using lignin alone as
feedstock is still under research, and hence, only a limited
amount of works has been published. The current methods
are done only on a bench or pilot scale. The gasification pro-
cess involving high yields of useful fuel gases is to be com-
mercialized to utilize the waste lignin residues produced by
industries.

A set of catalysts that have been used in the processing of
lignin into useful gaseous products are depicted in Table 4.
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7 Challenges and prospects of lignin-based
biorefinery

The review highlights the potential of lignin in the conversion
of different forms of fuels such as solid, liquid, and gaseous
fuels using various treatment strategies. A thorough analysis
of the products generated by each methodology gives us a
clear idea that liquid fuel generation is more feasible in com-
parison to other forms of fuels. On a geo-specific note, lignin
waste has been used as a solid heating source after it is
discarded from the 2G ethanol plants in India. Owing to the
severe environmental complication caused by the direct burn-
ing of the waste lignin, the lignin-based biorefinery concept
was introduced to process it into useful chemicals and fuel
products [283, 284].

Lignin, a polymer composed of several phenolic com-
pounds is connected by various types of C—C and C-O-C
bond linkages, and their composition is influenced based on
the feedstock used. The problem associated with lignin valo-
rization is the recalcitrant nature that makes it difficult to de-
polymerize into fuels. Industrially obtained lignin such as
kraft, sulfite, and organosolv lignin employs harsh reaction
conditions to remove lignin from biomass feedstock [285].
This results in the condensation of the reactive C—O—C bonds
into unreactive C—C bonds and thus making its structure even
more recalcitrant towards reaction [286]. Existing technolo-
gies are primarily focusing on the depolymerization of this
industrially obtained lignin into liquid fuels. However, the
overall energy input is much higher when compared to its
energy output; thereby, its efficiency is quite poor. Scaling
up with this poor energy efficiency is not economically feasi-
ble, and therefore, the lignin-based biorefinery is still in its
earlier stages of development. To tackle this problem with
extraction, preserving the structure of lignin before its removal
by applying milder conditions can be considered as one pos-
sible solution. This is called the concept of “lignin first,”
which focuses on treating the lignocellulosic biomass to first
separate followed by the processing of cellulose and hemicel-
lulose [287]. Thus, obtained lignin is termed as native lignin
where most of its C—O—C bonds are preserved and ready for
further reaction. This technique has shown positive results as
the yield of lignin monomers is said to be a function of the
square of 3—O—4 bonds (C—O-C bond) retained after extrac-
tion [143]. Bosch et al. conducted a model catalytic
biorefinery approach, where at first the lignin was removed
from birch sawdust using Ru/C with methanol as solvent
[288]. The obtained lignin oil consisted of propylguaiacol
and propylsyringol units that can be further processed into
fuels and chemicals by HDO. While the remaining carbohy-
drate pulp is used for the production of bioethanol, xylitol, etc.
A prospective lignin-based biorefinery could be developed
when it is integrated with 2G ethanol production as a separate
lignin waste processing unit. But the economic aspects are to

be taken into account along with the optimization studies to
convert it into a feasible large-scale industrial unit.

8 Conclusions

The depletion of conventional fuel sources has caused a sig-
nificant necessity to switch towards renewable energy sources
such as the conversion of lignocellulosic biomass feedstocks
into biofuels. Lignin, a natural recalcitrant polymer is one of
the components present in biomass and is a source of aromatic
compounds. The potential of lignin waste in India is validated
by surveying the by-products generated from the second-
generation ethanol plants and paper and pulp industries. The
main focus on the conversion of lignin waste into biofuels
arose due to the widespread necessity to switch towards re-
newable energy attributed to the fast-depleting conventional
fossil fuels. Effective solid fuel conversion from lignin was
possible by slow or fast pyrolysis and hydrothermal carburi-
zation (HTC) techniques, while liquid fuel (automobile and jet
fuels) conversion mainly involved pyrolysis and depolymeri-
zation followed by hydrotreating (hydrogenolysis,
hydrodeoxygenation, etc.) which involved the removal of ox-
ygenated species. Additionally, fuel-grade products were also
formed by the treatment of pyrolysis vapors. Numerous re-
searchers also investigated the production of gaseous fuel
products such as syngas, hydrogen, and methane from lignin,
and effective results were observed when the gasification was
carried out under supercritical conditions (SCWG).
Hydrodeoxygenation was found to be a productive method
for the production of oxygen-free products such as cyclohex-
ane, BTX, and several hydrocarbons for their usage as fuel
additives in both automobiles and aviation engines. Even
though effective treatment strategies have been developed by
various researchers in the conversion of lignin into different
forms of biofuels such as solid, liquid, and gaseous fuels, this
key raw material is still under intense exploration by several
researchers for their effective utilization to satisfy the energy
needs of the future generation.
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