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Carbon aerogels (CAs) are excellent carrier materials with a large surface area and high porosity. In addition

to the above-mentioned wonderful characteristics, aerogel with lignin as a precursor is also a material with
high bioactivity and degradability. Lignin carbon aerogels (LCAs) have a wide range of applications, and can
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be used in supercapacitors, adsorbents and catalysts, etc., but their preparation process is more complex. In

this paper, we review the preparation and influencing factors of LCAs, analyze their properties and structural

DOI: 10.1039/d2ra01402e

rsc.li/rsc-advances

1 Introduction

The production of value-added chemicals and materials from
green and renewable resources is in line with the concept of
the circular economy while stimulating global economic
growth and being quite friendly to the environment.>* Ligno-
cellulosic biomass is abundant, widely distributed and readily
available and is considered to be a unique sustainable organic
carbon source for the natural world.® In the pulp and paper
industry, lignin is often treated as waste material and is mostly
burned to produce steam energy for the pulping process. Along
with cellulose and hemicellulose, lignin is described as an
extremely complex three-dimensional reticulated chemical

“Jiangsu Co-Innovation Center of Efficient Processing and Utilization of Forest
Resources, Nanjing Forestry University, Nanjing, 210037, P. R. China. E-mail:
wenjuanwu@njfu.edu.cn

College of Light Industry and Food Engineering, Nanjing Forestry University, Nanjing,
210037, P. R. China

Caiwen Wu graduated from the
Jingchu University of Technology
with a bachelor's degree in
2019. She has been studying for
a master's degree at the College
of Light Industry and Food
Science of Nanjing Forestry
University under the supervision
of Prof. Wenjuan Wu. Her
project mainly focuses on modi-
fying natural polymer materials
from renewable resources, and
also includes preparation and
application of lignin polyaniline energy storage materials.

© 2022 The Author(s). Published by the Royal Society of Chemistry

expansion of applications of LCAs.

characterization, and aim to provide references for the optimal preparation, effective characterization, and

structure of a macromolecule called among the three main
components of lignocellulosic biomass.* Given the compli-
cated structure, the reactive regime of lignin conversion has
been a hot topic for scientists to explore.® Lignin mainly
consists of three basic components: guaiacyl unit (G), syringl
unit (S), and p-hydroxyphenyl unit (H). They are linked by
strong C-C bonds and unstable C-O-C bonds.® Lignin has
a high carbon content (40-60%) and can be used as an ideal
precursor for activated carbon.” Lignin activated carbon
materials have many properties, such as high specific surface
area, graded pore structure, high porosity and high electrical
conductivity. Due to the demand for stable and lightweight
carbon electrodes for energy storage applications, and a more
efficient adsorption effect with catalytic activity, lignin carbon
aerogels (LCAs) were created.?

Carbon aerogels (CAs) were first reported in 1992° and a new
class of perforated carbon materials with huge specific surface
area, large porosity, ultra-low density (0.003 g cm*) and good
electrical conductivity. CAs are usually obtained by
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carbonization of organic aerogels under an inert atmosphere,
and their porous properties lead to applications in adsorp-
tion,'*™* energy storage,*'*** catalysis,'®'” etc. There are still
many challenges in the preparation of CAs, e.g., expensive
fabrication costs, redundant preparation processes and
noxious precursors, which limit the commercialization of
CAs.™ Lignin is phenolic in nature and extremely cheap, and
its high reactivity is attributed to the presence of various
reactive functional groups, such as carboxyl, carbonyl and
hydroxyl groups. Due to the above advantages of lignin, inex-
pensive and green biomass CAs can be prepared.*® This review
will be based on the preparation and application of lignin-
based carbon aerogels, firstly introducing this viewpoint
through the preparation of organic carbon aerogels in general,
declaring that the raw material price of lignin is much lower
than that of m-diphenol, as well as elaborating the structural
and compositional characteristics of lignin to provide a strong
viewpoint for the preparation of carbon aerogels from lignin.
After that, it will focus on the applications of lignin-based
carbon aerogels in supercapacitors, adsorbents, and cata-
lysts, respectively, to dissect its functional properties and
provide an outlook on future applications.
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2 Preparation of LCAs

At present, the main industrial lignin produced in large quan-
tities in the paper industry are kraft lignin, lignin sulfonate,
soda lignin, organosolv lignin, which is obtained by separation
and purification and other steps, and then used for high quality
and high-value applications. The structure of lignin often varies
depending on the plant species and its environment.*

Lignin is a complex three-dimensional phenolic polymer
formed by phenyl propane units linked by C-C or C-O-C bonds,
which contains a variety of reactive functional groups, such as
carbonyl, carboxyl and hydroxyl groups so that lignin has
phenolic properties. By density flooding theory (DFT) analysis,
the magnitude of the bond dissociation energy in lignin is
ranked as C,~O < Cg-O < C,~Cg < other connecting bonds.*
During lignin treatment, the bonds in which the chemical
bonds require the least energy to break are the «-O-4 and B-O-4
bonds, respectively, which break easily and produce hydroxyl
groups.**

Conventional CAs are prepared according to the chemical
reaction steps of phenolic resin formation: resorcinol and its
derivatives, formaldehyde and its derivatives are used as
precursors, and then prepared by sol-gel process, solvent
replacement and drying, carbonization, activation treatment
and other steps.”® The formation mechanism of organic aero-
gels reported in the literature is shown in Fig. 1.

Hydroxymethyl derivatives of resorcinol are obtained by
using resorcinol or its derivatives to add them with formalde-
hyde or its derivatives, supplemented with an acid condition.
The hydroxymethyl derivatives undergo a polycondensation
reaction with each other to produce matrix particles linked by
methylene bonds (-CH,-) or methylene ether bonds (-CH,-O-
CH,-). The matrix particles are then further wrapped to form
clusters, which are further condensed into network-like poly-
mers to form the three-dimensional structure of the CAs.>* The
structure and composition of lignin have a large influence on
the gelation process, compared to the molecular weight of
lignin, which has a very small effect (These will be specifically
mentioned below). The phenolic hydroxyl content of lignin is

Wenjuan Wu received her Dr.
Ing. degree in pulp and paper
from Nanjing Forestry Univer-
sity in 2015. She went to the
University of Tokyo to study
abroad during her Ph.D. Her
research interests are biomass
resources chemistry and engi-
neering, including modification
and application of natural
polymer materials, clean sepa-
ration and molecular structure
of lignocellulose cell wall
components, and interaction of biological macromolecules and
their influence on biomass conversion.

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01402e

Open Access Article. Published on 07 April 2022. Downloaded on 12/10/2025 2:10:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

o o o OH
|
AN CH,0H
Na,CO; H H
b it 1 _— =
A
H OH OH

View Article Online

RSC Advances

CH7}

OH

CH,OH CH,'

CHOH HOH,C CH,OH
- H,C
o
CH,0H e CH,OH
— OH —_—
HO
HOH,C C
H,
OH OH

Fig. 1 Diagram of the formation mechanism of organic aerogel.®

related to the reactivity of formaldehyde, and the phenolic
hydroxyl position is related to the pore structure. For the
stability of the network structure in the gel during the subse-
quent drying process, methanol, ethanol, and isopropanol
solvents are generally used to replace the solvent (Inorganic
solvent). After the replacement, the organogel is dried, usually
supercritically, after which the aerogel is formed.”® The most
important step is the charring of the aerogel, which is placed
under inert gas or vacuum conditions for calcination, forming
a carbon aerogel. Some specific charring conditions can vary
from one material to another with different pre-treatment
works, so the conditions (e.g., charring temperature, heating
rate, charring time) need to be optimized.>® The composition of
lignin is related to the specific surface area, mesopores and
micropores of CAs. The next step can be physical activation
(generally CO, activation), which can increase the microporosity
of CAs and enhance it with the increase of activation time;*” or,
chemical activation (generally KOH activation) is more likely to
facilitate the formation of CAs microporosity and produce CAs
with high surface area.”® Both of the above activation methods
can effectively enhance the performance of CAs and optimize
their pore structure and surface topography.

As the conditions described above, resorcinol can be well
prepared for organic carbon aerogels, but resorcinol is expen-
sive and polluting relative to lignin. Studies have reported that
approximately 80% of the total cost of preparing organic carbon
aerogels is spent on obtaining raw materials.*® Therefore, we
believe that the costs incurred by conventional materials in the
production cycle are much higher than those expected for lignin
as a raw material. Lignin is an inexpensive byproduct of pulp
and biorefinery processes and is considered as a substitute for
resorcinol carbon feedstock.

Different sources and processing methods result in signifi-
cant differences in the chemical structure of lignin, and thus
the effect of different species of lignin on LCAs products. Soft-
woods contain more lignin than hardwoods, while grasses
contain the least amount of lignin. Compared to lignin in

© 2022 The Author(s). Published by the Royal Society of Chemistry

broadleaf and grasses, softwood lignin has a high ratio of G-
units (nearly 95%) and only one methoxy in the phenolic
hydroxyl neighbor of the G-unit, which readily forms a 5-5'
bond, resulting in a high degree of carbon chain branching.*
Softwood lignin is a network polymer with one branching unit
in every 2-3 C9 units. Harwood lignin has a less biphenyl
structure compared to softwood lignin, with one branching
point in every four C9 units, and hardwood lignin is a highly
branched polymer.** Different lignin S/G units from different
sources, hardwood (2 : 1), softwood (1:2-1:3), and grasses
(1:1-1:2). The lignin of softwoods and grasses also contain
a proportion of H-units. Two methoxy groups next to the
phenolic group on the aromatic ring of the S-unit to avoid the
formation of 5-5 or dibenzodioxins bonds.** Hu et al?*
compared a variety of lignins isolated from softwoods, hard-
woods, and graminoids and found that hardwood lignins were
mainly composed of lilac and guaiacyl units connected by -O-4,
B-5, and BB bonds. A large number of B-O-4 bonds were broken
during the pulping process and there was a large number of
condensed structures. Softwood lignans have stronger C-C
bonds at the C5 position of the guaiacyl subunit compared to
hardwood lignans. Grass-like lignin consists of zwitterionic,
guaiacyl and p-hydroxyphenyl units as well as p-coumarate and
ferulic acid salt structures. Due to different preparation
processes, the cellulolytic enzyme corn stover lignin has 30
ferulate structures and 35 p-coumarate structures per 100 C9
units. p-coumarate structures are more susceptible to cleavage
than ferulate structures. Therefore, the degradation of softwood
lignin should produce more phenolic hydroxyl groups than
hardwood lignin, which is easier to react with formaldehyde. At
present, with the advancement of social processes, industrial
lignin production should not be underestimated. In the pulping
process, the B-O-4 bond is easily broken due to the reagents, and
the obtained lignin contains more phenolic hydroxyl groups
than natural lignin.**

In the pulping process, industrial lignin has different
molecular weights, functional groups and physicochemical

RSC Adv, 2022, 12, 10755-10765 | 10757
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properties, classified as: alkaline lignin (AL), lignin sulfonate
(LS), kraft lignin (KL), enzymatic hydrolysis lignin (EHL). AL has
a molecular weight roughly between 1000 and 2000, and is
produced by the soda ash or soda anthraquinone pulping
process at a certain temperature. AL does not contain elemental
sulfur. LS usually has a high molecular weight and is a by-
product of the sulfite method of papermaking wood pulp with
sulfonate groups on the lignin side chains that are readily
soluble in water. KL also contains a small amount of sulfur and
is obtained using the kraft pulping process. EHL is natural
lignin that can be extracted from crop wastes used in the
preparation of bioethanol. It retains to a large extent its original
structure and has a higher reactivity. Although the pyrolysis
chemistry of various lignin derivatives is the same, the type of
lignin has a significant effect on the structure and morphology
of the resulting carbon aerogels.®* It has been shown that
compared to Ethanol Organosolv Lignin (EL) and Formic Acid/
Acetic Acid Organosolv Lignin (FAL), AL has a better macro-
molecular chain orientation and is more suitable for the prep-
aration of carbon materials, due to the fact that EL has the
smallest molecular weight and is The molecular structure of
FAL contains more side chains and the product has poor
mechanical properties. AL has fewer side chains in its molec-
ular structure and has the highest degree of graphitization.®®
Sulfate alkaline lignin comes from the sulfate method of pulp-
ing containing a large amount of ash as well as the presence of
NaOH. bioethanol lignin has little ash, and when KOH is used
as a porogenic agent, the latter requires the addition of NaOH to
obtain a graded porous structure.*”

The polydispersity of KL (3.38) was greater than that of
organic solvent lignin (2.04), so the polydispersity of organic
solvent lignin was easier to react with formaldehyde. Moreover,
the time of gel formation of organosolvent lignin was 14 hours
less than that of KL. Lignin was involved in the step-growth
polymerization reaction (Fig. 2) during the formation of
carbon aerogels, similar to the reaction of resorcinol with
formaldehyde mentioned above .*°

The polymerization time of lignin depends on the lignin
structure related to the ratio of G and H units and the molecular
weight size. Since coniferous and broad-leaved woods have
mainly G and S units, there are 35 phenolic hydroxyl groups in
100 phenol propane on average, and these are the active sites
that can be directly polymerized.*®

HO
0 NaOH
* ss°c
H3;CO C OCH;
HyCO H H;CO CH,0H 3 H, :
0

OH

Lignin Formaldehyde
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However, the active sites are still few, the reactivity of lignin
with formaldehyde is low, and the lignin space-site resistance is
high, so lignin does not gel completely. In Yang's study,* it was
found that organic solvent lignin contains more methoxy than
KL, and the cross-linked structure affects the reaction with
formaldehyde.* The conclusion that the structure within the
lignin is more important than the molecular weight and poly-
dispersity was obtained. Therefore, we can use the different
structural and physicochemical properties of lignin and its
lignin derivatives to design specific methods to synthesize
carbon aerogels for supercapacitors, dyes, adsorption and other
applications.

The following figure shows SEM images of carbon aerogels
prepared from different lignin sources. The lignin-based carbon
aerogels are porous as seen from SEM images. Hydrogels of
sulfate with organic solvents lignin and formaldehyde were
prepared by sol-gel condensation method, solvent exchange,

Fig. 3 Prepared SEM images: sulfate lignin-based carbon aerogel (a),
organic solvent lignin-based carbon aerogel (b),?® enzymatic hydro-
lysis lignin-based carbon aerogel (c),** soda lignin-based carbon aer-
ogel (d),® lignosulfonates based carbon aerogel (e)*® Kraft lignin &
TEMPO-oxidized cellulose nanofibers carbon aerogel (f).#3

-HZO

-

Hydroxymethyl derivative

Fig. 2 Chemical reaction scheme of lignin and formaldehyde under NaOH catalyst.?®
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freeze-drying and carbonization. The sulfate lignin-based
carbon aerogels formed mesopores (Fig. 3a). The pore struc-
ture of organosolvent lignin-based carbon aerogel shrinks
unevenly (Fig. 3b), and in combination, the specific surface area
of sulfate lignin-based carbon aerogel should be larger than that
of organosolvent lignin-based carbon aerogel. A mixture of
enzymatically hydrolyzed lignin, resorcinol, and formaldehyde
was subjected to gelation, aging, and environmental drying. The
carbon aerogel particles are spherical in shape and there is
partial adhesion between the particles, which helps the aerogel
to form an interconnected porous network structure (Fig. 3c)
and the carbon aerogel is used for supercapacitor electrodes.
Fig. 3d shows the honeycomb microstructure of carbon aerogel
cross-section formed by lignin (80%) and cellulose nanofibers
(20%) in a unidirectional ice template process with 3D macro-
porous, honeycomb interconnected structure, which helps to
form a more effective double electric layer for energy storage
applications. Fig. 3e shows the oriented synthetic
lignosulfonate-chitosan highly dispersed carbon aerogel, which
forms carbon “fullerene-like” with LS at 600 °C. The carbon gel
has low crystallinity and high enough specific surface area to be
used as a material for conductive properties. Fig. 3f shows the
cross section of lignin/TOCNF carbon aerogel (TOCNF concen-
tration is 8% of total dry weight), lignin and TOCNF will be
suspended ice template, freeze-dried, carbonized, the figure has
obvious anisotropic macroporous structure, conducive to gas—
liquid adsorption and thermal insulation, etc., can be used for
carbon dioxide capture and energy storage.

If lignin or degraded lignin (with many phenolic hydroxyl
groups) is used to mostly or completely replace resorcinol and
its derivatives in the preparation of CAs (see Fig. 4). Firstly, the
cost of reagents can be saved because lignin itself is a waste
from the papermaking process, and secondly, it is quite friendly
to the environment due to the biodegradability of lignin-based
carbon materials. Finally, the inherent three-dimensional
structure of lignin would allow the prepared CAs to possess

more remarkable properties. In addition, chemical
Vg
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Fig. 4 Mechanism of ether bonding for lignin degradation and bond
breaking and lignin-forming monomers.
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modification of lignin to change its spatial network structure
produces high-performance CAs that can be substituted for
more expensive carbon materials with resin-based products, etc.

3 Application of LCAs

With unique three-dimensional network structure and
outstanding characteristics such as suitable pore size and large
specific surface area, LCAs have wonderful applications in
supercapacitors,**** adsorbents (dyes,*> carbon dioxide,* oil/
organic compound,* heavy metal ion (graphene hydrogel)*®),
and catalyst/catalyst carriers (Fig. 5).**” The application of LCAs
has also attracted the attention of many scholars,*** but they
do not summarize the specific aspects of lignin in-depth, and
many literature reviews focus on the general overview of
biomass precursors.

The following table provides an overview of recent advances
in CAs using lignin as a precursor(Table 1).

3.1 Supercapacitor

CAs has very good properties such as low density, strong elec-
trical conductivity, large surface area and low thermal conduc-
tivity, and these excellent properties make them promising as
electrode materials for rechargeable batteries or super-
capacitors. (For example, activated carbon is used as the active
electrode material of supercapacitor, and its SSA is about 1000-
2000 m® g~ '.*° Graphene material used as the active electrode
material of supercapacitor can produce a volume capacitance of
92 F ecm™>, a mass specific capacitance of 231 F ¢ and an
energy density of 98 wh kg™ .** The application of these mate-
rials provides an important reference significance for the
development of carbon electrode materials for supercapacitors).

LCAs have many applications in electrical double layer
capacitors and are a promising material for energy storage
electrodes. Zhang et al.*® prepared CAs quickly and easily by
ultrafast freezing of lignin with the KOH solution droplet
technique. This simple method is more beneficial to reduce the
amount of KOH compared to the conventional method. The
prepared LCAs have a rewarding specific surface area (1681.6 m*
¢~ ") and a large number of large mesopores, which facilitate the
free movement of electrolytes and facilitate charge transport.
The specific capacitance of the tested LCAs exceeds 189 F g~ .
The oxygen content in LCAs is also high (12.92 at%), allowing

Lignin-based

\J
carbon aerogel

Fig. 5 Main applications of LCAs.
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Table 1 Recent advances in LCAs in 2016-2022
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Raw materials

Preparation methods

Applications

Ref.

Alkali lignin

Enzymatic hydrolysis
lignin

Alkali lignin

Alkali lignin

Sodium lignosulfonate

Technical soda lignin

Lignosulphonate

Sodium lignin sulfonate

Kraft lignin

Alkali lignin

Purchased lignin

Kraft lignin

Alkali lignin

Lignin from corncob

Alkali lignin

10760 | RSC Adv, 2022, 12, 10755-10765

Lignin + KOH

Ultra-fast freeze drying

Carbonization

Sol-gel polymerization

Aging

Solvent exchange

Dry environment (50 °C)

Carbonization

KOH revitalization

Sol-gel polymerization (adding Cu ions)
Microwave reaction

Freeze-drying

Carbonization

Sol-gel polymerization (adding Mn ions)
Microwave reaction

Freeze-drying

Carbonization

Homogeneous dispersion in the “double helix”
structure of carrageenan

Carbonization

Revitalization

Polymerization on nickel foam under ZnCl,
hypersaline conditions

Vacuum drying

Carbonization

Aqueous solutions of anionic polyelectrolyte
(PE) lignosulphonate and acetic acid cationic PE
chitosan were mixed

Water was displaced with acetone

Dried in a stream of carbon dioxide (CO,) under
supercritical conditions

Carbonization

Sol-gel polymerization

Gelling and aging

Freeze-drying

Carbonization

Revitalization

Ice-templating

Mechanical mixing

Freeze-drying

Carbonization

Gel polymerization

Freeze-drying

Carbonization

Lignin, furfural and water mixtures were mixed
Solvent exchange

Freeze-drying

Carbonization

Lignin/CNF suspension

Ice-templating

Freeze-drying

Carbonization

Graphene oxide was prepared by
copolymerization

Lyophilized and vacuum dried
Annealing

Lignin-modified graphene aerogel
Oscillating ultrasound

Freeze-drying

Carbonization

Magnetic stirring

Freeze-drying

Carbonization

Supercapacitor

Supercapacitor

Supercapacitor

Supercapacitor

Supercapacitor

Supercapacitor electrodes

Conductive dispersed particles

Methylene-blue removal

CO, capture and energy storage

Esterification catalyst

Esterification catalyst

CO, capture

Oil/water separation

Absorbents for oil and organic

solvents

Ultrahigh electromagnetic
interference shielding

40

41

52

53

54

55

56

42

43

47

64

59

44

60

65
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Table 1 (Contd.)
Raw materials Preparation methods Applications Ref.
Alkali lignin Mixing alkali lignin and CNF Pressure sensing and energy 66
Directional freezing-casting storage
Vacuum freeze-drying
Carbonization
Purchased lignin Lignin-CNC-GO suspension Detect bio-signals 67
Bidirectional freezing
Freeze-drying
Carbonization pyrolysis
Sulfonomethylated lignin Ultrasonic treatment, mechanical stirring Capture and recovery of 70
Freeze-drying phosphate

Calcination

a large range of Faraday redox reactions, which makes the CAs
possess superb electrochemical performance as supercapacitor
electrodes.

Enzymatic hydrolysis lignin is natural lignin obtained by
enzymatic hydrolysis of biomass raw materials to remove
sugars, which has most of the structure of the original lignin
and therefore has high reactivity. Xu et al.** prepared LCAs with
a specific surface area of 779 m” g¢~" from enzymatic hydrolysis
lignin, resorcinol and formaldehyde (see Fig. 6). The specific
capacitance reached 142.8 F g ' at a current density of 0.5 Ag™".
Incredibly, at a high current density of 10 A g7, the specific
capacitance of LCAs electrodes was 112.5 F g~ '. After 2000
charge/discharge cycles, the specific capacitance remained 96%
of its original value, showing outstanding endurance. Many of
the above conditions show that LCAs will play a great advantage
as supercapacitor electrodes. In addition, their group also
improved the pore structure of LCAs by introducing metal ions
with alkali lignin as precursors. (i) The specific surface area of
LCAs obtained after adding Cu ions (CuCl,-6H,0) and CO,
activation is 899 m> g~ *, and the high specific capacitance is
257.65 F g~ '. The microporosity of LCAs reaches 66.7%. At
a current density of 20 A g™ ', the specific capacitance is always
maintained at 95% after 2000 cycles.”* (ii) With the addition of
Mn ions (MnCl,-6H,0), the resulting LCAs have a specific
surface area of 582 m” g, a total pore volume of 0.35 cm® g™,
and a high specific capacitance of 186 F g '. The

W
g ; Extraction € »
»% ) . e Gl g

Crop waste

Enzymatie Hydrolysis Lignin Resorcinol

Catalyst
S =
= | Sol-gel

Drying

Fig.6 Schematic diagram of the preparation of layered porous LCAs.#*

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrochemical performance of the LCAs is better, and the
specific capacitance is maintained at 96% after 2000 cycles.*® In
summary, it can be seen that lignin composite CAs with
improved pore structure show great application in
supercapacitors.

In addition, doping nitrogen in LCAs enhances the
conductivity, which is helpful for the performance of super-
capacitors. Nitrogen groups improve permeability and
conductivity, enhance ion transport and further expand specific
surface area. Lv et al® used sodium lignosulfonate as the
carbon source and embedded carrageenan gum to prepare high
nitrogen-containing LCAs. The specific capacitance of LCAs was
as high as 231.8 F g~ " at a current density of 0.5 A g~', and the
capacitance was maintained at 85.7% after 5000 cycles.

An important factor affecting the electrochemical perfor-
mance of supercapacitor electrodes is the electrode thickness.
Guo et al.”® prepared lignin carbon aerogel/nickel (LCAN) bulk
ultra-thick cubic electrodes by polymerization under ZnCl, high
salt conditions. The combination of LCAN networks prepared
4.2 mm thick electrodes with an ultra-high area capacitance of
26.6 F cm™>.

Brovko et al.*® designed a polyelectrolyte composite sodium
lignosulfonate-chitosan carbon aerogel with a porous “fullerene-
like” carbon structure. This approach to the synthesis of new
carbon materials allows for the immobilization of many metals
in the aerogel matrix during the gel formation phase. The metal
ions (K', Na*, Li") inlaid in the CAs structure increase the pore
volume and average pore width, leading to an enhancement in
the specific surface area of the carbon gel. The obtained carbon
gels have a well-developed porous structure with a specific
surface area of 465 m* g~ %, a total pore volume of up to 0.5 cm®
¢!, and an average pore size of up to 4.6 nm. The resulting new
carbon nanomaterials can develop porosity and improve the
electrophysical properties of carbon gel materials, which can be
used as conductive dispersed particles in nanoelectronic
devices. Xu et al.>” developed a new type of LCAs, and the ob-
tained CAs exhibits a unique blackberry-like nanostructure,
showing a moderate surface area (2130 m® g ') but a high area
capacitance (100 F g%, 4.7 uF cm™2). This high value is attrib-
uted to the complicated conductive carbon fiber network and the
porous “blackberry” surface suitable for ion storage.
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Fig. 7 Main applications of LCAs in adsorption.

3.2 Adsorbent

LCAs not only play an important role in energy storage but also
can be applied to adsorption. LCAs have a layered porous
structure with isotropic or non-directional macropores and
micropores. These interesting structural properties will
contribute to fast adsorption and desorption kinetics will ach-
ieve high adsorption capacity, and have good applications in
dye adsorption, carbon dioxide adsorption, oil-water separation
and heavy metal adsorption (Fig. 7).

3.3.1 Adsorption of dyes. LCAs can be used as an eco-
friendly, high quality and recyclable adsorbent for the dispel
of dyes from water. Lv et al.** prepared simple and inexpensive
lignosulfonate/k-carrageenan CAs. Carrageenan gum provides
a three-dimensional structure during the gel-sol conversion in
which sodium lignosulfonate is uniformly dispersed (see Fig. 8).
LCAs have a high specific surface area of 594.6 m”> g~ ', a specific
surface area of 501.0 m> g~ ', and average pore size of 2.2 nm.
LCAs were used for the acquisition of MB with an adsorption
capacity of 421.9 mg g~ '. This adsorption capacity is useful for
the treatment of sulfite pulp wastewater and organic dyes.

Graphene oxide (GO) is an oxide of graphene, which is often
complexed with polymers as adsorbent materials. Yan et al.*®
environmentally friendly prepared a novel GO/lignosulfonate
aerogel (GLCAs) interlinked by chitosan. The obtained GLCAs
can effectively capture MB molecules and can remove more than
99% of methylene blue (MB) from MB solution (100 mg L™%).
Because of m-m interaction, electrostatic attraction and
hydrogen bonding interaction between GLCAs and MB, the
largest adsorption capacity of MB on GLCA is 1023.9 mg g .
Such a strong adsorption power is wonderful for the removal of
dyes from water.

- Methylene blue

y

HO~
Hydrogen
bonding

Ncoo
Electrostatic
interaction

77-711 EDA interaction

Fig. 8 Mechanism of LCAs adsorption of methylene blue.*?
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3.3.2 Adsorption of carbon dioxide. Research on novel
porous materials with finely tuned porosity and better-balanced
capacity and selectivity has exploded in the last few years, as
there is still potential for improvement.** LCAs have a high
surface area and certain physicochemical stability, which
makes the materials quite attractive for CO, adsorption
applications.

Geng et al.*®* produced LTCAs with specific structure and
surface area by combining lignin with TEMPO-oxidized CNFs
(TOCNFs). LTCAs can have a good performance by washing to
a specific surface area of 1101 m* g~ * and CO, adsorption power
of 5.2 mmol g~ ' at 273 K and 100 kPa. Such materials have good
adsorption performance of CO,. Geng et al.*® evaluated the CO,
adsorption properties of lignin/CNF-based CAs, where most
conventional adsorbent materials are in powder form and its
performance is degraded by binder blocking effects when used
with binders. LTCAs adsorbents exhibited high CO, adsorption
capacity, better than many activated carbon adsorbents re-
ported in the literature using more complex steps for synthesis.

3.3.3 Oil and water separation. With oil extraction and
chemical production, the treatment of oil-containing waste-
water has become an urgent environmental problem. CAs are
characterized by the lowest density, high porosity and high
absorption properties, and they are considered to be good
adsorbent materials for the removal of oil and organic pollut-
ants from wastewater.

CAs obtained by lignin derivatives with hydrophobic and
porous backbone and GO composite have superhydrophobicity
and good mechanical properties, leading to their full adaptation
to oil-water separation. Meng et al.** fabricated a LCAs com-
pounded by graphene oxide. Due to the strong reaction between
the amine group of the lignin derivative and the carboxyl group
of GO and acrylic acid, the denseness and cross-linkage of the gel
were substantially enhanced. The CAs can reach a water contact
angle of 150° after high temperature with an oil adsorption ratio
of about 32-34 g g~ *. This also fully demonstrates that it is an
efficient and practical water purification material that can be
applied for impurity separation and oil enrichment in industrial
waste streams. Similarly, Chen et al*® modified lignin and
compounded it with graphene to obtain CAs, which was used to
adsorb toxic solvents such as petroleum, toluene, chloroform
and carbon tetrachloride all showed efficient adsorption (the
mass after adsorption can reach 522 times of the original one),
and the adsorption effect was much higher than that of similar
adsorbents (lignin-based xerogel (19-47 times), lignin-based
polyurethane foam (26-68 times)). This material can be recy-
cled by repeated heat treatment and extrusion methods without
destroying its own structure.

Unlike LCAs, Rao et al.** innovatively propose a carbon foam
made of lignin-resorcinol-glycolaldehyde resin for powerful
absorption of organic agents from water. The prepared lignin
carbon foam has a greater surface area and higher porosity,
which can fully absorb various oils or organic solvents from
aqueous media. In addition, it can be regenerated by heat
treatment and its absorption capacity is not significantly
reduced.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3.4 Adsorption of heavy metal ions. The application of
LCAs for adsorption of heavy metal ions is less, and electro-
sorption has many advantages for removing metal ions from
solution, so we believe that LCAs should also have the ability to
adsorb heavy metals.

Compared with LCAs, lignin sulfonate-graphene hydrogels
(LS-GH) lack a one-step carbonization process. High-capacity
LS-GH adsorbents are commercially available, environmen-
tally friendly and reusable, and are wonderful adsorbents for
the adsorption of heavy metal ions on wastewater. Li et al.*®
synthesized an LS-GH for the adsorption of Pb(u) with a large
specific surface area, high porosity and ample active sites for
Pb(u1) removal exhibited an extremely strong adsorption capacity
(1210 mg g™ ). Guo et al.® extracted lignin from black liquor
and found that the number of phenolic acids on the surface was
twice as much as that of carboxylic acids. The acid groups can
adsorb metal ions by interacting with them, but the affinity
varies for various divalent metal ions. For carboxylic acids, the
connection force was ranked as Pb(u) > Cu(u) > Zn(u) > Cd(u) >
Ni(u), and for phenols, it was ranked as Pb(u) > Cu(u) > Cd(u) >
Zn(u) > Ni(u). Correspondingly, Brdar et al.®® also examined the
ability of Kraft lignin to remove Cr(v1) ions from water. If a large
number of studies laid stress on the adsorption capacity or
selectivity by modification and carbonation, then the adsorp-
tion potential or selectivity must be substantially increased.

3.3 Catalyst

It has been reported that LCAs are a catalyst for promoting
esterification reactions with large total surface area and high
acidity, and the large-scale porous network including meso-
pores and macropores is beneficial to the loading of active
materials without causing pore blockage, products and by-
products are easily removed from the reaction system by the
high porosity.**

5-Hydroxymethylfurfural is a valuable bio-derived chemical,
Li et al® prepared lignin-based activated carbon solid by
carbonization and activation, followed by sulfuric acid sulfo-
nation to synthesize lignin-based carbon solid acid, which will
be applied to fructose conversion. It is a catalyst for 5-hydrox-
ymethyl furfural. Zainol et al.*® prepared lignin and furfural
carbon cryogels by sol-gel with 98.1% (w/w) oleic acid conver-
sion. It can be seen that carbon cryogels have great potential for
the esterification of fatty acids to biodiesel. Meanwhile, Zainol
et al.*” synthesized ethyl levulinate, a flow improver, by catalytic
esterification of levulinic acid with ethanol using a carbon cry-
ogel catalyst, which was determined to be a superior perfor-
mance carbon-based catalyst to obtain a high yield of
86.5 mol% ethyl levulinate. In a deeper way, Zainol et al.*® still
used lignin-furfural to prepare carbon cryogels for the esterifi-
cation reaction, and the total surface area and acidity of the
carbon cryogels after calcination were 426.5 m”> g ' and
16.1 mmol g~ ', respectively. Under optimal conditions, the
conversion of levulinic acid and ethyl levulinate yields of the
carbon cryogels. Under the optimal conditions, the conversion
of levulinic acid and the yield of ethyl levulinate of carbon cry-
ogels were 87.2% and 86.5 mol%, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.4 Other applications of LCAs

LCAs have a unique three-dimensional network structure and
excellent properties that make them attractive materials for
applications such as electromagnetic interference shielding,
pressure sensors, and flexible electrodes.

Zeng et al.®” prepared reduced graphene oxide (RGO)/lignin-
derived carbon (LDC) composite aerogels. The incorporation of
LDC and honeycomb microstructures significantly improved
the mechanical properties and comparatively strong elasticity of
RGO/LDC aerogels, and improved the wave absorption capacity
of the cell walls as well as the multiple reflectivities. The RGO/
LDC aerogels could show considerable EMI SE of 80.0 to 23.2
dB with SSE/d values up to 53 250 dB cm” g~ ', higher than those
reported for other carbon-based shields. This demonstrates the
critical role it plays in determining EMI shielding performance.

LCAs is also a compressible carbon material that has
potential applications in a variety of wearable devices. Chen
et al.®® used cellulose nanofibers and lignin to design an elastic
CAs. This CAs exhibits better mechanical flexibility, such as
high compressibility (up to 95% strain), and it can also accu-
rately detect human biosignals. These properties make CAs
highly competitive for pressure sensors and plenty of electrode
applications. Zhou et al.*® obtained compressible conductive
CAs with ordered wavy laminar structure by cellulose nano-
crystals (CNC), lignin, and reduced graphene oxide. The
prepared CAs exhibit exceptional compressibility (up to 99%
ultimate strain), extraordinary fatigue resistance and elasticity
(high retention rate of 91.3% after 10 000 cycles at 30% strain
condition). Based on these properties, this material can be well
used in wearable devices.

4 Conclusion and outlook

LCAs are three-dimensional layered materials, a new type of CAs
with large specific surface area, high porosity, low density, fine
chemical stability and excellent electrical conductivity. At
present, the research of LCAs is in the basic research stage, its
large number of applications have not been discovered, and the
preparation process needs further exploration and conclusion.
In this paper, based on the existing preparation methods and
known properties, we found some shortcomings: (i) the prepa-
ration process of LCAs is complicated, the preparation cost is
high, and the gelation stage takes forever; (ii) for the sake of
stabilizing the pore structure of LCAs, freeze-drying or super-
critical CO, drying is used, which increases the operational
difficulty and cost; (iii) the application range of LCAs is narrow.

At the same time, we also put forward some suggestions and
prospects: (i) in the selection and treatment of raw materials,
based on green and low cost, which has been achieved by lignin,
followed by modification of lignin, access to phenolic hydroxyl
groups and other polymerization-friendly groups or degrada-
tion of lignin to generate phenolic hydroxyl groups; strength-
ening the characterization of lignin, selecting the source of
lignin (composition and structure), producing cross-linked; (ii)
in the preparation of LCAs, the first step is to simplify and
optimize the preparation process as much as possible to reduce
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the number of steps (mainly gelation, solvent exchange, freeze-
drying and carbonization); lignin can be directly cross-linked
and carbonized or compounded with GO; (iii) in the applica-
tion of the designed products, the current applications are
mainly focused on energy storage, adsorption, etc., but we
should also expand the application of LCAs in catalysts/catalyst
carriers, battery electrodes, sensors, etc., and strengthen the
target design of supercapacitors and LCAs for adsorption of
heavy metal ions.
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