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Abstract

Lignin is a major by-product of the wood and paper industries. Valorization of this complex organic polymer, through the
creation of novel high-value side products, is a key aspiration of these industries. Due to its unique chemical composition,
lignin can be efficiently used to produce many fine chemicals. In this review, we discuss various techniques and strategies
used to synthesize lignin-derived functional materials. The transformation of lignin during pyrolysis and hydrothermal
carbonization is also reported. Furthermore, current applications and surface properties of lignin-based carbonaceous
materials in the fields of catalysis, bio-adsorption removal of pollutants, and supercapacitors are summarized.
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1 Introduction

Imprudent fossil fuel consumption has polluted the envi-
ronment and warmed the globe, necessitating the need
for bio-renewable energy sources that are clean and cost-
effective. Energy sources such as hydroelectric, solar, wind,
and biomass reduce the use of fossil fuels and resulting
environmental issues. However, many renewable energy
sources generate electricity and require high-energy stor-
age capacities. Bio-materials, such as lignin, can play a
role in sustainable energy storage. Development of novel
organic energy storage systems is complex and requires
that the synthesis of these value-added materials should
be cost-effective, environmentally benign and readily scal-
able into mass production. Carbon-based biomaterials
have been used for CO, capture [69, 167] in catalysis [88,
94, 142], and pollutant capture [4, 37]. In addition, they
have found application in gas storage [1, 133, 166], as elec-
trode materials, supercapacitors and in fuel cells [124, 178].

Carbon-based materials can be broadly classified as
amorphous or crystalline. Amorphous carbon compounds
include carbon black, activated carbon and likewise,
crystalline carbon materials include carbon nanotubes,
nanofibers and graphene. Both amorphous and crystal-
line carbon-based materials are synthesized by carboni-
zation of polymers (synthetic and natural) [174], chemical
vapor deposition [87] and arc discharge [156] leading to
the development of materials with various porosities and
functionalities. However, those strategies are typically
time-consuming and require hazardous organic solvents
at high temperatures, and complicated electrochemical
analysis for characterization [162]. In addition, most of
these methods need fossil fuel-based precursors such as
methane or ethane and also require metal catalysts. Due
to these reasons, these methods are currently not consid-
ered to be cost effective or environmentally friendly for
synthesizing carbon-based materials [148].

Lignocellulosic biomass, a naturally abundant bio-
renewable resource, can be used to synthesize functional
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carbon materials [62]. The three major components of
lignocellulosic biomass include cellulose, lignin, and
hemicellulose [176]. Among these, lignin, an abundant
source of aromatic compounds, accounts for 15-35% of
the lignocellulosic biomaterial [10]. Despite its abun-
dance, lignin is usually treated as a waste or a low-value
material from the paper and pulp industry. The global
annual production of chemical pulp is about 150 mil-
lion tons per year, and the estimated amount of lignin
from the pulp making process is about 70 million tons
per year [18]. Utilization of lignin for generating heat or
energy constitutes about 95% of the total lignin market.
Some of the disadvantages of utilizing lignin for generat-
ing heat or energy include formation/release of organic
pollutants such as polycyclic aromatic hydrocarbons [28,
120], oxygenated polycyclic aromatic hydrocarbons and
dioxins, which are generated during incomplete combu-
sion of lignin [147]. Incomplete combustion of lignin can
also cause the formation of particulate matter which in
turn leads to both environmental and health issues [110].

Lignin is also used as a food and concrete additive,
dispersants, resin, and binding material, contributing
to about 65% of the remaining 5% lignin market [18].
Finally, industrial lignin is likewise utilized for some con-
ventional applications in the water treatment industry,
and as cleaners, emulsifiers, and additives in the rubber
industry and expanders in battery generation [60].

More recently, there has been a rapid development
towards the synthesis of lignin-based carbon fiber
materials using fiber-spinning technology. Lignin-based
carbon fibers have the potential to be used for diverse
applications, including high-temperature insulating
materials [147, 176], and the capture of carbon dioxide
[110] and other gases [18]. Moreover, these materials
can be applied for synthesizing supercapacitors and
macromolecules [13]. Nevertheless, obtaining such
high-value-added structural lignin-based carbon fibers
is very challenging due to limitations in current spin-
ning technology, leading to carbon fibers with inferior
mechanical properties (low tensile strength and elastic
modulus) [99].

Incorporation of lignin as an additive into polymeric
materials is another valorization strategy that can be used
for modifying the polymers towards specific applications
[40]. For example, lignin can be incorporated into thermo-
set materials such as phenol-formaldehyde, urea—formal-
dehyde, and epoxy resins [70, 180]. Likewise, lignin can be
blended with thermoplastic polymers such as polyesters,
polyamides, polyacrylonitrile, and polyethylenes, based on
compatibility with chemical matrices, for facilitating the
extrusion process [27, 85, 109, 112]. Therefore, the strong
chemical compatibility of lignin and synthetic polymers
can result in blends, which are more hydrophobic than
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lignin or polymers, in turn making these blends suitable
for external applications such as making roofs [85].

There is significant interest in finding renewable
replacements for unsaturated petrochemicals (ethylene,
propylene, and butadiene) and aromatic compounds
(benzene, toluene, and xylene derivatives), from lignin.
For example, the US Department of Energy has estimated
the consumption of biomass in the biorefinery industry to
be about 1.3 billion tons, out of which 22.5 million tons to
have potential for conversion towards chemicals and fuels
production [116]. If we assumed that 20% of the biorefin-
ery lignin can be utilized for production of aromatic and
linear hydrocarbons, we could reduce petrochemicals use
in the US by approximately 10% [118].

Significant efforts are currently underway towards the
development of an environmentally friendly path to utilize
and recycle lignin in a sustainable fashion. However, the
sustainable recycling of lignin has not yet been achieved
and is challenging due to the depolymerization process
and difficulties in product separation [169]. Furthermore,
complex structures present in lignin vary with species and
growth conditions, this means that a lignin depolymeriza-
tion strategy will not translate across various plant species.

The most significant bond in a lignin matrix is the 3-O-4
linkage, which is very difficult to cleave via conventional
mild methods such as hydrolysis or micro-biological tech-
niques [28, 176]. Therefore, lignin depolymerizations are
almost always carried out under harsher conditions. One
such route is by the use of metal catalysts such as Pt, Pd, or
Ni, which can catalytically cleave the 3-O-4 linkages under
high pressure and temperature [72, 139, 151]. Similarly,
a homogenous acid-base catalytic process can also be
used to cleave B-0O-4 linkages at high temperatures [113,
123]. These strategies require rigorous conditions, complex
instrumentation, and expensive catalysts, therefore are not
ideal for scalable industrial production.

An alternative to catalyst-based depolymerization is the
thermo-chemical conversion of lignin into value-added
fine chemicals or compounds. This is a sustainable, cost
effective and environmentally benign process [39, 155].
For instance, pyrolysis, hydrothermal carbonization, and
gasification are thermo-chemical conversion processes
that can be used for generating fine chemicals and mate-
rials from lignin [2, 6, 9, 12, 16, 21, 25, 49, 58, 66, 73, 86,
96, 150, 154, 159, 179]. Thermochemical conversion tech-
nologies have benefits compared to direct burning, for
example, the generation or emission of hazardous gases is
much lower in thermo-chemical processes than with direct
burning. Also, the production of value-added chemicals
through thermochemical conversion are possible while
none are obtained by incineration [20]. Generating valu-
able materials and chemicals from lignin depolymerization
through thermo-chemical processes has therefore become
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a hot research area in the past few years as several phe-
nolic materials can be generated in high yields. This is due
to the presence of aromatic functional groups in high con-
centrations in the lignin macromolecule [80, 123, 139, 158].

The effective valorization of lignin can help reduce the
emission of greenhouse gases. For instance, lignin process-
ing can generate bio-renewable fuels and value-added
chemicals which have low carbon content and conse-
quently a minimal effect on human food. In addition, lignin
conversion to value-added fine chemicals and materials
will contribute to the growth of the lignocellulosic biore-
finery industry for conversion of biomass (carbohydrates)
to biofuels [10].

1.1 Functional materials via thermochemical
conversion of lignin

For the rational and effective design of the thermo-
chemical process and catalysts for lignin valorization, an
in-depth understanding of the chemical structure, and
properties along with possible reactions and mechanisms
of lignin are necessary. Value-added fine chemicals, fuels
and different types of materials can be achieved by vari-
ous separations, isolation, and chemical conversions tech-
niques. These bio-derived chemicals can be obtained by
a catalytic reaction pathway as part of a biorefinery pro-
cess [121]. Therefore, fundamental information regarding
lignin chemistry, structure, and possible depolymerization
mechanisms will be discussed in detail.

1.2 Lignocellulosic biomass

Lignocellulosic biomass is a renewable and abundant
resource of three biopolymers: cellulose, hemicellulose,
and lignin. Lignin is a complex aromatic bio-polymer made
of hydroxycinnamyl alcohol building blocks, and is typi-
cally not soluble in water [122]. Various chemical bonds are
present in lignin in a non-regular sequence. However, in
cellulose, the sequence of monomeric units is well defined
by regular 3-1,4-glycosidic bonds, making any elucidation
of chemical reactions harder in the case of lignin [122].
Lignins typically have higher carbon concentration and
lower oxygen content than polysaccharides, including
cellulose. Because of its high carbon content, lignins are
an attractive feedstock for biofuels and production of
chemicals, including benzene, toluene, and xylenes. The
key challenge, however, is to efficiently separate the oxy-
genated aromatic compounds [121, 122].

1.3 Lignin chemistry and its structure

Lignin has a complex phenolic chemical structure contain-
ing phenyl propane type motifs. As can be seen in Fig. 1,

lignin acts as a filler between cellulose and hemicelluloses
and serves to hold the lignocellulosic matrix together
[176]. The lignin biopolymer is composed of the three
main monomers (p-coumaryl alcohol, sinapyl alcohol, and
coniferyl alcohol) (Fig. 2). The biomass constitutes 40% of
these three monomers [176].

Structural elucidation of lignin has revealed that 50%
of lignin’s constituents contain aromatic rings. Five major
types of bonds (linkages) in the lignin matrix include 3-O-4
ether, B-5 phenylcoumaran, -f’ pinoresinol, diphenyl
ether 4-05’, and -1’ diphenyl methane [176]. Linear or
cyclic C-O-C bonds are considered to be the most impor-
tant bonding pattern in lignin. Likewise, the most abun-
dant linkage in both softwood and hardwood-lignin is the
B-O-4 linkage. The lignin composition of alcohols (p-cou-
maryl, coniferyl, and sinapyl alcohols) varies depending
on the type of lignin species (softwood vs. hardwood).
For instance, coniferyl alcohols account for ca. 90% of
soft wood lignin, whereas in the case of hard wood lignin,
coniferyl, and sinapyl alcohols exists in equal composition
[14]. Hard wood lignin also contains more linear linkages
than soft wood lignin due to the existence of additional
methoxy groups on aromatic rings, in turn preventing the
formation of 5-5 and dibenzodioxocin bonds.

Lignin has a non-crystalline (amorphous) structure due
to its highly complex branched configuration [120]. Cel-
lulose and hemicellulose, are hydrophilic and soluble in
water, due to the presence of aromatic functional groups
through the 3-O-4 linkage. Lignin is hydrophobic and
insoluble in water at acidic or neutral pH. However, lignin
can be dissolved in a variety of organic solvents, includ-
ing ethanol, acetone, and chloroform, as well as in alkali
solutions [169]. Since lignin carbon atoms possess a lower
chemical valence than those in polysaccharides, the aver-
age redox number of a carbon atom in lignin is negative
(—0.4), while the average carbon atom redox in the poly-
saccharides is zero. This indicates that lignin has a higher
energy content than polysaccharides [100].

Lignin in secondary cell wall can be characterized
through high resolution solution NMR and solid state NMR
techniques [51, 117]. The solution NMR characterization
significantly changes the physical states and various inter-
actions of lignin with other cell wall motifs which in turn
leads to unreliable information towards understanding of
cell wall structure [75, 117]. Therefore, a new technique
called solid state NMR has been intorduced in order to get
more precise and certain information about interactions
of lignin and polysaccharides and how they are packed in
intact secondary cell walls [75, 117]. The solid state NMR
spectroscopy combined with dynamic nuclear polarization
(DNP) technique provide useful information about motifs
interactions in the secondary cell walls. For instance, as
can be seen in Fig. 3, the prominent interactions of lignin
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Fig. 1 Schematic representa-
tion of lignin structure and its
location in the lignocellulosic
biomass (Reprinted with
permission from Zakzeski et al.
[176]. Copyright (2010) Ameri-
can Chemical Society)
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Fig.2 Three main components of lignin

units with xylan are observed but the direct interactions of
cellulose with lignin are less dominant. These findings can
facilitate our understanding towards molecular structure
of secondary cell walls in plants which in turn modify the
biomass depolymerization process and its conversion to
fine chemicals [75, 117].

1.4 Lignin depolymerization mechanisms

Due to the complex nature of the 3-O-4 linkages in lignin,
there exists no effective way to biochemically cleave ether
bonds via enzymes and microorganisms for producing
value-added materials and chemicals [128]. One alter-
nate approach is to use thermochemical processes such
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as hydrothermal carbonization, pyrolysis, and gasification,
for producing value-added compounds from lignin. Irre-
spective of lignin type (alkali, sulfite, and Kraft) or origin
(soft wood and hard wood), lignin can be thermochemi-
cally processed to generate value-added aromatic com-
pounds and phenols [65]. However, the physical changes
and chemical processes that occur during thermochemical
processes are complicated. Several processes have been
reported with variations in reaction conditions such as the
type of reactor, heating rate, and reaction temperature.
For optimized conversion of lignin to the desired prod-
uct, it is necessary to know thermochemical conversion
mechanisms. Therefore, in the following section, physical
and chemical changes in lignin that occur during thermo-
chemical processes such as pyrolysis and hydrothermal
carbonization are discussed [65, 181].

1.5 Pyrolysis

Pyrolysis is a thermal decomposition process that typically
takes place in a fluidized bed reactor under oxygen-free
conditions [181]. Based on the heating rates, pyrolysis can
be classified as slow and fast. Significant products gener-
ated during lignin pyrolysis include volatile organic com-
pounds such as methanol, ethanol, acetone, acetaldehyde,
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Fig. 3 The structural model of secondary cell wall. Cellulose micro-
fibrils, two-fold and three-fold xylan, and lignin are described in
red, purple, blue and yellow, respectively. The secondary cell wall
contains two hydrophobic cores of lignin and cellulose which are

and phenol derivatives like guaiacol, syringol, catechol,
and other mono-lignols. Gaseous compounds such as H,,
CH,, G H,, G Hg, CO, and CO, are also produced during
lignin pyrolysis. In addition to producing bio-renewable
energy products such as bio-oil and synthesis gas, large
scale biochar production is feasible from the lignin pyrol-
ysis process. Biochar is a thermally stable solid material,
which can have a large surface area known for possessing
abundant hydroxyl and carbonyl groups that can undergo
further functionalization processes [172].
Depolymerization or pyrolysis of hemicellulose and cel-
lulose is a simpler process than pyrolysis because cleavage
of lignocellulosic biomass occurs within a narrow range of
temperatures. Lignin depolymerization through pyrolysis
occurs over a wider range of temperatures, beginning with
the cleavage of weaker bonds such as hydrogen and C-OH
bonds at low temperatures. Subsequently, the process pro-
ceeds through the cleavage of stronger linkages such as
[3-O-4 bonds at higher temperatures [172]. Initial cleavage
of 3-0O-4 linkage can generate free radicals, in turn leading to
the production of aldehydes, styrenes, toluols and guaiacyl
hydroxyls. In the later stages of the depolymerization pro-
cess, p-hydroxy phenols, catechols, and cresols are typically
generated [17, 33]. All lignin decomposition stages can be
monitored by nuclear magnetic resonance (NMR) spectro-
scopic methods, in particular, using "H and '*C NMR [82].
Auxiliary products can be obtained during the lignin decom-
position process. For example, the generated free radicals
can capture protons leading to the formation of small mol-
ecules such as vanillin and 2-methoxy-4-methylphenol.
These radicals can be used for facilitating the chain propa-
gation of small molecules into oligomers. The propagating

Limited cellulose-lignin interaction

bridged by xylans. The interaction of polar motifs of xylan with
lignin are boxed in blue. Polysaccharides are abbreviated as polysac
(Reprinted with permission from Kang et al. [75], Copyright (2019)
Nature)

species then undergo a termination step when two radicals
collide generating stable oligomeric materials. Via a similar
route, polymeric biochar regenerates via re-polymerization
of random radicals at higher temperatures (above 350 °C) as
schematically shown in Fig. 3 [33].

Pyrolysis of lignin produces biochar and a range of other
fine chemicals. Phenolic materials and H, gas are also consid-
ered to be sustainable products of lignin pyrolysis [24]. When
a Ni-based catalyst was employed for the production of bio-
oil from steam reforming of lignin at 800 °C, a maximum
yield of ca. 17-gram hydrogen for 100 g bio-oil was obtained.
Likewise, the concentration of phenolic compounds in the
organic phase of bio-oil was about 0.5 g per gram of bio-oil,
indicating generation of high concentrations of bio-oil as
well as phenolic compounds [92]. Some of the prominent
reactions that occur in the catalytic generation of hydrogen
gas from bio-oil involve the following reactions [46]:

Steam reforming: C,H, O, + (x —2) H,0 — xCO+ (x —z+ y) H,
Oxidation: C,H,0, + (x —z) O, — xCO + 0.5yH,

Catalytic cracking process: C,H,0, — zCO + yH, + (x—2)C

A summary of the chemical processes involved in the
generation of liquid fuels, syngas, biochar, and chemicals
from lignin is illustrated in Fig. 4.

1.6 Hydrothermal carbonization
Hydrothermal carbonization takes place under high tem-

peratures and in liquified conditions to transform both
the physical and chemical characteristics of biomass

SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2019) 1:1094 | https://doi.org/10.1007/542452-019-1126-8

Fig.4 Mechanism of lignin
decomposition during the
pyrolysis process (Reprinted
with permission from Chu et al.
[33], Copyright (2013), Royal
Chemical Society)

HO

HO

pyrolysis process

» lignin-derived biochar

OCH,

[119]. Under high pressure, lignin has an increase in
solubility, and enhanced chemical and physical interac-
tion with water. Hydrothermal carbonization typically
involves the hydrolysis and cleavage of ether linkages
(C-0-C) and C-C bonds, dealkylation reactions such as
demethylation and condensation also occur, with these
processes and reactions competing with each other [15,
74].

In the hydrothermal carbonization of lignin, the B-O-4
linkages and °C-*C bonds are cleaved from 330 to 400 °C
and pressure of 50-115 MPa, however, C-C bonds in the
aromatic rings are not affected [41]. At lower tempera-
tures and shorter times, the hydrothermal carboniza-
tion of lignin produces both phenolic monomers and
dimers via primary hydrolysis and cleavage of ether and
aliphatic bonds [136]. After prolonged times and at high
temperatures, demethoxylation and alkylation reactions
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of phenolic materials occur leading to the production of
several alkyl phenols (Fig. 5) [74].

Only recently, structural changes in the char residue
were observed after hydrothermal carbonization. The
results suggest the promotion of lignin decomposition at
high temperatures. The char formed at these high tem-
peratures were observed to possess rough surfaces with
highly ordered crystalline structures, albeit with few vesi-
cles and low surface area. Furthermore, most functional
groups present on the char surface were eliminated at
temperatures above 350 °C, hydroxyl groups were an
exception and can subsequently be utilized for further
functionalization [63].

A key advantage of hydrothermal carbonization over
pyrolysis is improved lignin solubility, without the asso-
ciated pretreatment cost [136]. Unlike the pyrolysis
process which has been industrially used for decades,
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Fig.5 Reactions involved in
the conversion of lignin to
fuels, fine chemicals, biochar

and, syngas Z

lignin

hydrothermal carbonization is not yet commercially uti-
lized due to the necessity for high capital investment [36].
Feeding feedstock into the reactor under harsh reaction
conditions (high pressure), along with the heat and mass
transfer phenomena, are some of the issues associated
with the process [136]. Issues associated with the heat
and mass transfer phenomena could lead to the Wall effect
[119]. Despite these drawbacks, when the abovemen-
tioned issues are resolved, the hydrothermal carbonization
technology offers excellent potential for producing value-
added compounds and functional carbon compounds
from lignin.

1.7 Biochar functionalization

Thermochemical transformation of lignin produces a
low functional group char which restricts its widespread
application. Biochar surface functionalization can create
active sites for catalysis and bio-adsorption of pollutants.
For example, biochar with an ordered porous structure,
functional groups, and large surface area can be benefi-
cial towards high mass transfer capacity for energy storage
applications or for actively loading capacity for catalysis
applications.

1.8 Surface functionalization

Surface modification is carried out to increase functional
groups, such as amine, hydroxyl, carbonyl, carboxylic and
sulfonic groups, on the bio-char surface. For example, the
presence of carboxylic and hydroxyl functional groups on
the surface considerably increases the adsorption of heavy
metals via hydrogen bonding or complexation by other
means [59, 89, 170]. Likewise, the presence of amine group
on the biochar surface provides active alkaline (basic) sites
on the char surface thereby greatly enhancing carbon

water gas shift
gas — - H

catalytic

henali . hydrotreating .-
phenolic compounds hydrocarbons
bio-oil
catalytic Fischer-Tropsch
reforming synthesis -
light hyrocarbons ~————> syngas liquid
fuels
functionalization . .
. functional carbon materials
boichar

Fischer-Tropsch
syngas _synthesis _ liquid fuels

gasification

dioxide capture and removal of acidic contaminants [1,
32, 175]. Similarly, the introduction of an acidic functional
group like SO;H via high concentrations of sulfuric acid
or its derivative, chlorosulfuric acid [5, 38, 77, 90, 164],
affords acidic properties to the bio-char surface, which can
then be employed as a solid catalyst to accelerate chemi-
cal reactions [146]. Other surface modification reactions
include surface oxidation using hydrogen peroxide, ozone,
potassium permanganate and nitric acid; amination; and
sulfonation [3, 52, 144, 165]. Oxygen containing functional
groups such as carboxyl, phenolic, hydroxyl, lactones, and
peroxides can be added to the surface of biochar through
exposure to ozone using an ozone generator and oxygen
using a plasma reactor.

Lignin-based acid catalysts have also been prepared via
slow pyrolysis [107]. In this approach, the pyrolysates from
slow pyrolysis are sulfonated to obtain the acid-catalysts.
Lignin-based basic catalysts can be prepared using a con-
ventional strategy in order to introduce amine functional
groups to the biochar surface with ammonia at high tem-
peratures. This process is accompanied by a pre-oxidation
process to enhance the reactivity by increasing the oxygen
content on the char surface [67, 131, 138]. Alternatively,
chemical functionalization of the char surface can also be
performed using amine-containing compounds such as
3-chloropropylamine, tris(2-aminoethyl)amine, and poly-
ethyleneimine that are more cost effective, economically
viable, and environmentally benign than ammonia (NH,)
treatment [97]. Amino containing bio-chars can be used as
powerful tools (materials) for selective adsorption of acidic
contaminants or pollutants.

As mentioned earlier, surface modification of lignin-
derived biochar provides diverse opportunities in many
different fields such as use as catalysts and in removing
pollutants from the environment. Nevertheless, com-
plexity in obtaining a large heterogeneous surface area
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remains a major hurdle for its effective utilization in these
applications.

1.9 Modulating the porosity and surface area

One of the major challenges with the introduction of dif-
ferent functional groups onto the biochar surface is their
effect on biochar porosity and surface area. In general,
bio-char generated from thermochemical conversion of
lignin results in fewer micropores with a lower specific
surface area. To improve the numbers of micro pores, a
pre-activation process is employed for facilitating their use
as high performance materials for energy storage, cataly-
sis, and pollutant removal applications. Highly ordered
porous structures with large surface areas are typically
obtained by employing specific chemicals such as zinc
chloride and phosphoric acid as a catalyst during pyroly-
sis [50, 145] or by performing post-modification reactions
through chemical and physical means [114, 173]. Phos-
phoric acid (H;PO,) and zinc chloride (ZnCl,) are some of
the common catalysts that are employed in order to form
a regular porous structure in the char. In addition, these
catalysts also inhibit the formation of tar during pyrolysis
and decrease the required pyrolysis temperature, which in
turn leads to the formation of more highly ordered porous
structures.

When the mechanistic catalytic activity of phosphoric
acid during pyrolysis of Kraft lignin was investigated using
thermogravimetry (TGA) and differential thermogravimetry
(DTG) techniques, the results indicated that the pyrolysis
process proceeds via a set of pseudo-first order reactions
involving the formation of water and P,Os. Further analy-
ses revealed that pyrolysis leads to the evaporation of these
moieties and subsequent formation of highly ordered bio-
char with high surface areas and micropores [104]. Like
H5PO,, ZnCl, can also act as a catalyst for biochar activation.
ZnCl, accomplishes this by expanding the lignin fiber at low
temperature (below 200 °C) as boiling and melting points of
ZnCl, are low, while also facilitating the depolymerization
process. Finally, the production of a well-defined micropo-
rous structure of bio-char is realized by removing uniformly
distributed ZnCl, from the char matrix. Different concentra-
tions of ZnCl, at various temperatures have been impreg-
nated into the kraft lignin. The effect of various parameters,
such as concentrations and temperatures, on the ultimate
porosity and surface area of biochar generated from pyroly-
sis of lignin have been evaluated [53]. The general observa-
tion is that the increase in temperature from 400 to 500 °C
leads to the generation of larger and broader distribution of
micropores with volumes up to 1.0 cm?/g. Increasing lignin
ZnCl, content results in an increase in pore volume and sur-
face area. The largest micropore volume (1.8 cm® g™" and
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surface area (1800 m? g~ that can be generated is from an
impregnation ratio (ZnCl, to lignin) of 3-2 at 500 °C.

Another commonly used strategy to achieve high poros-
ity is by post-activation or modification of the bio-char. This
can be achieved using physical or by chemical means. In
physical method, the lignin derived char undergoes a con-
trollable gasification process resulting in the formation of
steam and carbon dioxide or a combination of both. The
removal of carbon containing reactive functional groups
often increases biochar surface area and porosity. The physi-
cal process typically encompasses the following reactions
[168].

C+H,0— CO+H, AH=117kJ/mol

C+C0O, — 2CO AH = 159 kJ/mol

CO+H,0— CO,+H, AH=41kJ/mol

The synthesis of activated carbon with steam at 450 °C
is a prime example of physical activation of bio-char [47].
Activated carbon materials-derived from lignin have been
synthesized with various pore structures using different
reaction conditions, with pore size and volume considera-
bly influenced by pyrolysis and activation temperatures, and
activation times [83, 126, 132]. Kraft and hydrolytic lignins
have been used as a precursor for obtaining physically acti-
vated carbons. Results indicate that inorganic impurities
such as sodium carbonate and sodium sulfate in the Kraft
lignin greatly influence the pyrolysis mechanism (behavior)
in N, atmosphere and subsequent activation in carbon diox-
ide or water steam. Due to Kraft lignin’s high reactivity dur-
ing activation at 750 °C, activated carbons possessed very
low micropore volumes. On the other hand, the reduced
reactivity of hydrolytic lignin during activation by carbon
dioxide, resulted in high surface areas (1400-1600 m? g™"),
micropore volumes (0.5-0.6 cm’ g‘1) and micropore widths
(1.2-1.4 nm) of char compounds as evaluated by BET analy-
ses [26]. Furthermore, reduction in activation times were
observed when sodium chloride and potassium chloride
(6.2% and 50 wt%) were impregnated onto the surface of
demineralized kraft lignin and subsequently activated at
750 °C in carbon dioxide. This effect was more pronounced
with potassium chloride as the impregnating reagent with
lower activation temperatures, and under optimal condi-
tions led to the preparation of ultra-microporous char mate-
rials with mean pore width of 0.53-77 nm. Potassium has a
higher radius to charge ratio than sodium, and it can more
effectively activate char in a short period of time [143].

Potassium hydroxide is one of the most frequently used
reagents for the chemical activation process. The following
reactions occur during the chemical activation process:

2KOH + CO, —> K,CO; + H,0

2C+ 2KOH — 2CO + 2K+ H,
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K,CO, + C —> K,0 + 2CO

K,0 + C —> 2K + CO

In this process, decomposition of the lignin-derived
char’s carbonyl, hydroxyl, and carboxyl functional
groups, at high activated temperatures, produces vola-
tile compounds (H,0 and CO,) and non-volatile potas-
sium carbonate (K,CO;). The in situ formation of CO, and
H,O during chemical activation process plays a role in
the growth of pores. The release of carbon monoxide
and hydrogen gases along with the gasification of metal-
lic potassium (boiling point; 774 °C) generates a highly
ordered porous bio-char [8]. In addition, the in situ for-
mation and efficient intercalation of metallic potassium
into the carbon matrix result in expanded carbon lattices
[55]. An increase in the activated temperature further
leads to the reaction between the newly formed K,CO;
and the carbon matrix forming gaseous species such as
CO and K(g), which in turn generates large pores in the
bio-char [157]. The activated biochar with highly ordered
porous structure and large surface area was obtained.

Electrospinning and templating are other techniques
that can be utilized to obtain highly ordered micropo-
rous and mesoporous activated carbon fibers from alka-
line lignin or lignin- polyethylene oxide hybrid solution.
Subsequent, pyrolysis and activation with NaOH or
KOH at low impregnation ratio under N, flow at 850 °C
transformed non-porous lignin-hybrid precursor fibers
to highly ordered porous activated carbon fibers with a
specific surface area of 1400 m? g~' and pore volume of
0.91 m? g7, respectively [61]. It is clearly evident from
this study as well as other studies [11, 44, 126] that KOH
concentration and activation temperatures are two key
factors during the activation process for modulating
the porosity and surface area of biochar [130]. Low con-
centration KOH leads to the formation of microporous
materials with a narrow pore size distribution, while high
concentration KOH results in high porosity and increased
surface area and pore volumes [11, 42, 43, 126, 163].

With templating, porous structures are created in the
lignin-derived char when a colloidal silicate solution,
for example, is first infiltrated into a lignin precursor
followed by pyrolysis [45] (Fig. 6). In the next step, the
template is removed, resulting in the introduction of a
mesoporous structure into the char framework. Finally,
physical activation, for example, with CO, results in a
mesoporous material with micropores in the framework
[45]. Such activated lignin-derived chars typically have
a high specific surface area (~2000 m? g™'), with their
porosity readily modulated by changing the activation
conditions. KOH concentration and activation tempera-
tures have an effect on the microporous structure, while
silica concentrations and colloidal silica particle sizes

play vital roles in obtaining highly ordered materials
with high porosity (Fig. 7).

A surfactant, Pluronic F127, has been reported to be
a suitable template for fabricating mesoporous activated
carbon material from a pre-crossed link lignin gel simi-
lar to colloidal silica particles [127]. In this method, the
impregnation of Pluronic F127 into the lignin framework
is followed by pyrolysis. The resulting mesoporous carbon
material are subsequently activated through either physi-
cal or chemical means. For example, CO, and KOH acti-
vation results in activated mesoporous carbon materials
with highly ordered porous structures with surface area
and pore volume as high as 1148 m?/g and and 1.0 cm®/g,
respectively. Templating reagents, zeolite Y, Zeolite 3, ZSM-
5, and mordenite have also been impregnated into Alcell
lignin solutions as carbon precursors for obtaining hier-
archically porous carbons [152]. The results indicate that
the cationic characteristic and abundant hydroxyl groups
in the zeolite framework have profound effects on the
surface chemistry of porous carbons. These porous car-
bons also possess high specific surface area with unique
properties such as high adsorption of pollutant, high stor-
age capacity and high active loading of materials, due to
high concentrations of pyrrolic, pyridinic, OH, and carboxyl
groups formed during the pyrolysis process.

1.10 Characterization of lignin derived functional
materials

1.10.1 Surface chemistry characteristics

Various experimental techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and surface area analysis (BET)
are used for materials characterization. In Table 1, the dif-
ferent characterization techniques and their applications
are explained.

Lignin-based carbon materials possess different acidic
or basic hydrophobic and hydrophilic functional surface
groups contributing to material reactivity. The incorpora-
tion of heteroatoms such as N, O, P, and S into the aromatic
framework of char change the surface of the lignin derived
char [23]. The surface acidity can be determined by Boehm
titration [22]. Strong acidic functional groups such as
COOH can react with NaHCO;, however, there is no reac-
tion between intermediate acidic functional groups such
as phenolic OH and lactone and NaHCO;. The intermedi-
ate acidic functional groups are able to react with Na,CO4
and NaOH while the weak acidic functional groups such
as C=0 can only react with NaOH. Therefore, all functional
groups can be quantified.

The synthesis of ZnCl, activated lignin derived char
has been reported [98]. The impregnation ratio of ZnCl,
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Fig.6 The production of
lignin-derived biochar from
the hydrothermal carboniza-
tion process (Reprinted with
permission from Kang et al.
[74], Copyright (2011), Ameri-
can Chemical Society)
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H
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to industrial waste lignin and temperature can sig-
nificantly affect on the surface acidity of the activated
bio-chars. When lignin/ZnCl, ratio (w/w) was 1/1.5, the
highest surface area was obtained. If the pyrolysis tem-
perature increases, the content of oxygen containing
functional groups on the surface will decrease [1371].
Studies show that there is a considerable surface
difference with oxidative pyrolyzed lignin derived acti-
vated carbons. When pyrolyzed at about 500 °C with 5%
oxygen in helium, there is a 15% decrease in char yield
and the surface area of the resulting biochar was very
low (5 m?/g). '3C cross polarized magic angle spinning
nuclear magnetic resonance spectroscopy ('*CP-MAS
NMR) clearly shows that the concentration of functional
groups such as aromatic OH and aromatic O-CH; gradu-
ally decreases with increasing pyrolysis temperature.’
Increasing pyrolysis temperature above 450 °C leads to
elimination of the aromatic-O (150 ppm) and carboxyl
(180 ppm) functional groups which in turn results in
an increase in aromatic carbon structures on the sur-
face (128 ppm) [31]. The aromatic carbon structure is
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produced as the main component in bio-char at pyroly-
sis temperatures higher than 450 °C.

FTIR, temperature-programmed desorption (TPD),
and x-ray photoemission spectroscopy (XPS) are used to
investigate surface characteristics of biochar obtained
from lignin [34, 35, 48]. At different temperatures, TPD by
mass spectroscopy can identify the gaseous components
such as H,0, CO, and CO, evolving from the heated solid
surface. It has been found that the important functional
groups such as phenolic OH, ether bonds (C-0-C), carbox-
ylic group, lactone, and carboxylic anhydrides are present
in the surface of biochar [79]. The FTIR spectra of pyro-
lyzed lignin revealed that hydroxyl containing functional
groups gradually decreased upon increasing pyrolysis
temperature. Furthermore, an increase in activation time
leads to extensive oxidation of alcohols to carboxylic and
aldehyde groups. This is illustrated by a gradual increase in
the intensity of the absorption peaks at about 1700 cm™
(C=0 stretching vibrations) and a gradual decrease of the
absorption peaks around 3330 cm™' where O-H stretching
vibrations are observed [115].
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Fig. 7 A schematic representation of the colloidal silica templated
synthesis of microporous—-mesoporous carbons from kraft lignin
(Reprinted with permission from Fierro et al. [45], Copyright (2013),
Elsevier Ltd.)

XPS technique can be applied to analyze the chemical
composition of the biochar surface. The biochar surface
contains carbon (near 90%) with a graphite structure
(C-C bonds with a binding energy of 284.4 eV). C-O
bonds in hydroxyl groups, ether bonds and C=0 make
up the remaining bonds in the char surface [11]. It is well
known that reaction conditions such as slow pyrolysis,
fast pyrolysis, and hydrothermal carbonization and the
type of lignin strongly contributed to the compositions
and type of functional groups on the resulting surface
of biochar. The major components in the fast pyrolysis

Table 1 Characterization of surface chemistry of materials

process include oxygen containing functional groups
such as OH, C=0 and COOH in char but those functional
groups are considered as minor components from slow
pyrolysis. In the slow pyrolysis process, the aromatic C-H
bonds are found to be dominant.

1.10.2 Biochar structure

Lignin biochar structure characterization can be eluci-
dated using the various techniques. For example, nitro-
gen adsorption-desorption isotherms are employed to
determine surface area and pore volume [91, 177]. X-ray
diffraction (XRD), Raman spectroscopy, and energy dis-
persive X-ray (EDX) spectroscopy are used to character-
ize the char microstructure. Surface morphology can be
observed through scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) [29, 137,
160]. XRD results indicate that biochar obtained from
lignin is primarily amorphous. However, low crystalline
content from a conjugated aromatic structure, has been
occasionally observed in the structure of the carbon
matrix [11]. A more ordered crystalline char structure
and increase in char crystal size can be generated with
increasing pyrolysis temperature [95]. Nitrogen adsorp-
tion desorption isotherms revealed that CO, activation
(physical activation) results in increased microporous
volume and distribution. Also, the produced acti-
vated carbon possesses a regular and well developed
mesoporous and microporous structure [125].

Lignin derived biochar which is activated by ZnCl,
(chemical activation) demonstrates a large micropore
volume of 1 cm3® g~'. The content of its porous structure
increases with activation temperature up to 500 °C. How-
ever, the porous structure of lignin derived char consid-
erably decreases at 600 °C. The increasing impregnation
ratio of ZnCl, to lignin from 0.4 to 2.3 caused an increase
in porosity and pore size of lignin derived char [53]. SEM
images exhibit that the formation of melt, precipitation
of inorganic salts, liquid phase, vesicles and surface etch-
ing can occur during the lignin pyrolysis process [69].

Techniques Applications

1. X-ray diffraction (XRD)
2. Scanning electron microscopy (SEM)

To investigate the crystalline/amorphous properties of solid substances
To study the topography, structure, and compositions of metals, ceramics, polymers, compos-

ites and biological materials

3. Transmission electron microscopy (TEM)

To study the local structures, morphology, and dispersion of multi component polymers,

cross sections and crystallizations of metallic alloys, semiconductors, the microstructure of

composites

4. Surface area analysis (BET)
ticles

To study the surface area, pore volume, pore diameter, and pore size distribution of nanopar-
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1.11 Applications of lignin-derived activated
carbons

The thermochemical conversion of lignin to functional car-
bon or hybrid materials is considered to be a cost effective
and environmentally benign process. These materials have
various applications in the fields of catalysis, environmen-
tal pollutants removal and energy storage.

1.12 Use of lignin-derived char as a catalyst

Many chemical industries use metal compounds in chemi-
cal reactions because they can selectively catalyze organic
reactions with high activity. However, these processes are
not always cost effective due to high energy requirement
[141]. Lignin derived carbon biomaterials are considered
to be environmentally friendly compounds with good
thermal conductivity. This combination means that they
can be used as an alternative materials in some existing
industrial chemical reactions.

The introduction of carboxyl, amine, hydroxyl and sul-
fonyl functional groups on the surface of lignin based
biomaterials can induce prominent catalytic properties.
For example, activated carbon based materials which
contain acidic SO;H groups are employed as a metal free
catalyst that can be used in different acid-catalyzed chemi-
cal processes such as dehydration, hydrolysis, and esteri-
fication [106, 134, 140]. The introduction of high density
hydrophilic SO;H onto the biochar surface can create a
hydrophilic environment in the carbon matrix that absorb
hydrophilic molecules such as water and methanol [149].
Thus, the access of hydrophilic reactants to the SO;H func-
tional groups in the surface of biochar is facilitated.

The incorporation of sulfonyl groups on the surface of
the solid acid catalysts results in a considerable increase in
the catalytic performance of char [57, 111]. For example,
biodiesel (methyl ester) production from the reaction of
acidified soybean soapstocks with methanol using lignin-
derived carbonaceous acid catalyst has been reported
[56]. The sulfonyl groups in the esterification reaction act
as Bregnsted acid sites for a donation of protons which cata-
lyzes chemical reactions.

Lignin derived solid acid catalysts have been employed
for catalytic esterification reaction of acetic acid with
ethanol. This material can also catalyze the hydration of
2,3-dimethyl-2-butene [93]. Strong acid catalysts such
as acidic cationic exchange resins (Amebrlyst 15 and sul-
fonated carbon) possess lower catalytic activity than lignin
derived solid acid catalysts with lower sulfonyl functional
group content. Thus, lignin based solid acid catalysts
have an unusually high catalytic activity. This is likely due
to its macroporous structure which allows for high mass
transfer during a chemical reaction. Hydrolysis is another
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important reaction catalyzed by solid acid catalysts. Lignin
derived solid acid catalyst, without pyrolysis, demonstrates
a high catalytic activity for the hydrolysis of sugarcane
bagasse, cellulose, and starch.

A solid base catalyst can be applied to catalyze an
esterification reaction. The mixture of potassium carbon-
ate with kraft lignin followed by activation at 800 °C under
nitrogen flow has led to the synthesis of a solid base cata-
lyst. The resulting lignin derived carbonaceous base cata-
lyst demonstrated high catalytic activity for transesterifi-
cation of methanol with rapeseed oil in order to produce
biodiesel with a yield of 99.6%. The catalyst was reusable
and biodiesel yield remained over 82% after four cycles
[91]. The preparation of lignin derived base catalyst is an
environmentally benign and cost-effective process which
produces a reusable material with high catalytic activity.
This type of catalyst can be considered as a heterogeneous
carbonaceous base catalyst for large scale production of
biodiesel.

Lignin based carbonaceous materials can also be used
as supports in order to immobilize metals or oxide nano-
particles for catalyzing various chemical reactions. This is
due to the high surface area and porosity of lignin derived
char.The synthesis of iron nanoparticles incorporated onto
activated carbonaceous material has been reported [1771].
The FeCl; has been used to chemically activate lignin at
800 °C and the catalyst was applied for wet peroxide oxida-
tion of phenol. In particular, the introduction of FeCl; cre-
ates a regular porous structure along with the formation
of stable iron nanoparticles into the carbon matrix. The
iron nanoparticles play an important role in the reduction
of the iron leaching wet peroxide oxidation process. The
lignin-based carbonaceous materials impregnated with
FeCl; exhibited good stability and catalytic activity. More-
over, the in situ preparation of iron nanoparticles encap-
sulated into the lignin-derived char has been reported
[171]. The catalyst was employed to convert syngas to lig-
uid fuels. The catalyst activity and selectivity towards the
CO conversion and production of liquid hydrocarbons was
approximately 95% and 68%, respectively after a 1500 h
run. Furthermore, during biomass gasification, the full
destruction of NO, precursors such as HCN and NH; using
a biochar supported iron particles has been reported [102,
103].

Lignin-derived solid catalysts have been shown to be
effective in different chemical reactions. However, the sur-
face area of the lignin-based material is complex and its
heterogenous surface characteristics can significantly sup-
press catalytic activity and selectivity. Moreover, the exist-
ence of inorganic elements such as K, Na, Ca, and Mg can
negatively affect the catalyst selectivity because they may
promote side reactions [19]. However, in some reactions
such as methane cracking reactions at high temperature,



SN Applied Sciences (2019) 1:1094 | https://doi.org/10.1007/542452-019-1126-8

Review Paper

the inorganic species dispersed on the lignin-derived char
greatly increase the catalytic activity of the catalyst [81].

1.13 Lignin-based materials for energy storage
applications

Efforts are underway to efficiently employ and store
renewable energies from wind, solar and biomass in
order to overcome issues associated with a global reduc-
tion of fossil fuels and harmful emission of greenhouse
gases [135]. Reversible supercapacitors have long lifetimes
and high energy and power densities [101] and are able
to quickly store intermittent renewable energy [7, 178].
Supercapacitors have been applied in various electrical
fields such as mobile electrical systems [101, 135]. Lignin-
based carbonaceous materials are considered to be favora-
ble candidates for use in capacitors because the incorpora-
tion of surface functional groups can significantly increase
performance and amount of energy stored in the super-
capacitor. Moreover, many possible surface functional
groups are electrochemically inert and can considerably
improve the wettability of the carbon electrodes [129]. The
abundance of oxygenated functional groups on the sur-
face of char leads to prevention of further oxidation of the
carbon matrix which in turn increases the cycle stabilities
of electrode materials [105].

The synthesis of a high performance supercapacitor
from binder-free and mechanically flexible material has
been reported [84]. Alkali lignin in aqueous KOH has been
used for the preparation of this material composed of elec-
trospun carbon nanofibers.? The electrospinning tech-
nique was employed in order to mix the aqueous solutions
of alkali lignin with polyvinyl alcohol to generate compos-
ite nanofiber materials. Subsequently, they were stabilized
and carbonized in air and in an inert atmosphere, respec-
tively. The resulting carbon nanofibers containing 70 wt%
lignin, have an average diameter of 100 nm and a surface
area of 583 m? g~'. The lignin-derived carbon nanofibers
showed outstanding supercapacitor performance having
high specific capacitance and superior cycle performance
[2].

Lignin-based submicron activated carbon fibers have
been used for fabrication of supercapacitors with high
energy density [64]. The as-synthesized materials dem-
onstrated favorable electrochemical performance due to
their high surface area, high porous structure, hydrophilic
surface and superior conductivity. These materials also
possess outstanding gravimetric capacitance and cycle
stability. Thus, these materials are good candidates for
electrical energy storage. The preparation of lignin-based
activated carbons containing nanoporous structures with
a narrow and tunable pore size distribution has recently
been reported. The materials were activated by KOH and

applied to organic-based capacitors during their produc-
tion [108]. The increase in the graphitization degree leads
to a reduction in the non-Faradaic charge storage and can
increase the specific capacitance values up to 87 Fg~' in
an organic electrolyte [68].

In addition to electric double layer supercapacitors,
another type of supercapacitors known as pseudoca-
pacitance-based supercapacitors have been prepared
by impregnation of electro-active compounds such as
metal oxides on the char surface. For example, the self-
assembly of nickel oxide nanoparticles incorporated into
the mesoporous structure of lignin-based activated car-
bons for supercapacitors applications has been reported
[30]. The as-synthesized materials demonstrate superior
specific capacitance, favorable capacitance retention, and
outstanding cycle stability.

Lithium ion batteries can be charged quickly and pos-
sess a durable life cycle with an outstanding energy den-
sity. Hence, they are employed in mobile phones and scal-
able energy storages. The carbon-based material can be
used as the anode or cathode depending on the redox
potential of the lithium intercalation compound applied
in the batteries [124]. The electrospinning technique was
employed to prepare a lignin-based nitrogen-doped
free-standing fused carbon fibrous mat from a mixture of
lignin/polyethylene oxide (90:10). Subsequently, the pro-
duced material was carbonized and thermally annealed
with urea [161]. The materials were employed as the anode
in the lithium-ion batteries and they demonstrated high
electrochemical performance with a favorable specific
capacity.

The lignin-derived nanofibers have been synthesized
from a mixture of polyacrylonitrile and refined lignin
through a simple electrospinning technique [71]. The pro-
duced materials were carbonized and stabilized in order
to apply them in Na*-ion batteries as free-standing and
binder-free anodes. The nanofibers showed a prominent
cycle performance.

The abovementioned findings show that lignocellulosic
biomass can be used as in the fabrication of cheap, excel-
lent performaning carbon-based electrode compounds
for batteries. The porous structure, high density functional
groups, high availability of electrolyte ions, and short dis-
tances for diffusion processes makes these lignin based
materials favorable candidates for use in high performance
in electrochemical energy storage.

1.14 Lignin-based materials as pollutant
bio-absorbents

There have been many attempts to overcome issues asso-
ciated with environmental pollution. The surface of lignin-
derived materials can have high surface area and possess
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abundant functional groups and therefore can be used
as a favorable bio-absorbents for hazardous heavy metals
and organic pollutants. Anthropogenic heavy metals and
organic materials (pharaceuticals and agricultural chemi-
casl) can find their way into the environment and can be
toxic to plants, animals and humans. Porous materials can
play an important role in the removal of environmental
pollutants via adsorption processes. Lignin-based func-
tional materials contain some reactive functional groups
(primarily —-OH and —-COOH) which can be used directly
or tuned via surface functionalization methods in order
tailor the material for improved environmental pollut-
ant adsorption. For example, a porous, high surface area,
lignin-derived carbonaceous material was used to remove
Ni(ll) from wastewater. An increase in pH led to an increase
in Ni(ll) adsorption indicating an electrostatic adsorption
mechanism [48].

Conventional carbon-based microporous materials
demonstrate lower surface adsorption activity towards
heavy metals such as Cu®* than the lignin-derived carbo-
naceous materials obtained from microwave pyrolysis of
lignin [98]. Chemically activated carbonaceous materials
possess higher porosity and surface area than the lignin-
based porous materials. Thus, it can be concluded that
in addition to surface area and porosity, the content of
functional groups containing oxygen can play a significant
role in the adsorption process. Activated materials were
synthesized from pyrolysis of phosphoric acid impreg-
nated lignin resulting in a material with high surface area
and ordered mesoporous and microporous structure [54].
This material was used as an adsorbents for the removal
of Cr(IV) from wastewater with an adsorption capacity of
Cr(IV) was 92.6 mgg™".

Recently, the Douglas fir-derived biochar was magnet-
ized through Fe;0, precipitation onto the bio-char surface
from an aqueous solution of Fe3*Fe?* upon NaOH treat-
ment. The resulting material was used for the removal of
pollutants such as 4-nitroaniline, salicylic acid, benzoic
acid, and phthalic acid from water [76]. A series of acti-
vated carbons were synthesized from acid-precipitated
eucalyptus kraft lignin that were carbonized and gasi-
fied under a N, atmosphere at 350-800 °C and CO, at
750-850 °C. The resulting materials were employed as
adsorbents for removal of p-nitrophenol (PNP) which is an
organic pollutant in wastewater. The adsorption capacity
ranges from 1 to 4.4 mmol/g. The amount of PNP adsorbed
varies considerably with initial concentration of adsorbate,
pH, temperature, and contact time [35]. It has been found
that lignin-derived carbon materials can play a great role
as adsorbents for efficient removal of sodium dodecylben-
zene sulfonate from wastewater [34]. Moreover, the acti-
vated carbonaceous materials prepared from kraft lignin
via phosphoric acid chemical activation were employed
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as favorable adsorbents towards the removal of organic
pollutants such as phenol and 2,4,5-trichloro-phenol. The
as-synthesized materials present a high surface area with
a highly ordered microporous and mesoporous struc-
ture. The maximum adsorption capacities for phenol and
2,4,5-trichloro-phenol were 227.3 and 476.2 mg g~ [54].

Lignin-based carbonaceous materials have performed
well when used for the removal of environmental pollut-
ants such as heavy metals and organic chemicals. How-
ever, some polycyclic aromatic hydrocarbons and some
heavy metals can be released from the char surface during
the adsorption processes [78, 153]. Thus, future investiga-
tions should focused on the development of more efficient
and sustainable techniques for char functionalization in
order to decrease the release of pollutants during use as
environmental adsorbents.

2 Conclusions

Lignin, a significant component of lignocellulosic bio-
mass, can be an important resource for the production
of various fine chemicals, fuels, and functional carbon
materials. Lignin valorization is an important process in
any modern biorefinery industry. The complex structure
and composition of lignin requires many strategies for the
production of fine chemicals. Major routes for lignin valori-
zation include pyrolysis and hydrothermal carbonization
processes. In this review, we have described the current
approaches and techniques for conversion of lignin to a
range of carbon-based functional materials. The lignin
chemical structure and physical properties are signifi-
cantly changed during these thermochemical processes.
The complex structure of lignin and surface chemistry
of lignin-derived carbonaceous materials are discussed.
Lignin-derived thermochemial materials from pyrolysis
or hydrothermal carbonization often have limited surface
area with low functional groups content and low porosity.
These materials can be tailored for specific applications
following functionalizion and through methods aimed
at increasing porosity and surface area. The introduction
of abundant functional groups such as hydroxyl, amine,
carboxylic, and sulfonyl groups into the surface of lignin-
derived carbon materials through oxidation, amination,
and sulfonation processes can create high value char
materials with a high density of functional groups. The
different methods of activation including physical and
chemical activation create char materials with high sur-
face area and controllable porosity. Thus, the functional-
ized lignin-derived carbon compounds have applications
in different fields such as catalysis, energy storage, and
removal of pollutants.
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