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Abstract. Biochar is a low-cost carbon material derived from the thermal or chemical treatment of
biomass. Due to its chemical structure, biochar has a high surface area and functional groups can be
attached to its surface using some activation methods. This property makes it versatile to use as
catalyst /catalyst support for various chemical reactions. The carbonaceous material derived from
biomass is environment friendly and cost-effective as compared to existing heterogeneous catalyst.

The hydrophobicity, tunable surface properties, thermal stability, and chemically inert nature make
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biochar suitable for catalyst support at extreme operating conditions.This paper focuses on the
different methods for the preparation of biochar for heterogeneous chemical reactions. In this paper,
the production of pyrochar and hydrochar is discussed, and its activation and/or functionalization

methods are also included. Subsequently, the application of biochar-based catalysts in the various

heterogeneous catalytic reaction are discussed.

Keywords: Biochar, Catalyst support, Pyrolysis, Hydrochar, Pyrochar.

1. Introduction

Biochar is the carbon-rich material derived from biomass such as wood, manure, and other carbon-
rich solid materials by the thermal decomposition under a limited supply of oxygen and at relatively
low temperature (< 700°C)[1]. At present, biochar is utilized as process fuel, material for soil
amendment, and carbon sequestration [2-4]. The surface properties of biochar can be modified by
using thermal/chemical treatment. Therefore, biochar can be utilized for the development of a
variety of catalysts and catalyst supports. To disperse the active components uniformly without
sintering, a well-developed pore structure and high surface area are necessary. The original biochar
has a low density of pores, an activation process is needed before using as catalyst support[5]. After
activating or functionalizing, the biochar shows properties, such as large surface area, multi-scale
porous structure, and abundant surface functional groups.

Because of the high potential of catalytic biomass upgrading,this review is completely
devoted to discussing the various applications of biochar as catalysts for biomass upgrading,
including biocharbased solid acids for biomass hydrolysis and dehydration,biochar-based catalysts
for biodiesel production, and biocharsas catalyst support for biomass pyrolysis, gasification, and bio-
oil upgrading. Considering the fact that the formation, activation, andfunctionalization of biochar

have been widely reviewedbymany researchers, these research topics are brieflydiscussed here.
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Fig 1. Production and application of biochar (Ref:Chemical Engineering Journal 394 (2020) 124856)

2. Catalyst support preparation

Biochar can be produced using different carbonization processes, such as pyrolysis, gasification,
hydrothermal carbonization, and torrefaction. Lignocellulosic composition of biomass includes
cellulose (38-50%), hemicelluloses (23-32%), lignin (15-25%), and small amounts of
extractives[6]. The structural differences of cellulose, hemicelluloses, and lignin, changes the
biochar yield, degradation rate, degradation mechanism. This section focuses on explaining the
degradation of biomassin the pyrolysis and hydrothermal carbonization processes, and further
discussing the formation pathways of pyrochar and hydrochar.

The pathways for the formation of biochars (pyrochar and hydrochar) vary significantly
according to the reaction medium[7]. Numerous reactions will be taking place during biomass
pyrolysis, in which the free radical reaction is one of the most important ones [8,9]. These radicals,
being very active, further react with other compounds or radicals through free-radical substitution,

free-radical addition, carbon-carbon coupling, etc., and thus result in the formation of syngas, bio-
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oils, and biochars. Some important intermediates and/or product, such as retroaldol products
(hydroxyacetaldehyde, pyruvaldehyde, etc.), dehydrated species (furfural, 5-hydroxymethyl furfural,
etc.), anhydromonosaccharides (levoglucosan, levoglucosenone, etc.), and phenolic compounds (4-
vinylguaiacol, eugenol, etc.) have alsobeen found among the volatile products of biomass pyrolysis.
This indicates that the reactions, like retroaldol condensation,dehydration, isomerization, etc., also
occur during the pyrolysisprocess[10-14].Thus,the product mixture observed is very complex in
nature[11,8,13,15].However, the morphology and the microstructure of the biomass are not changed
over the pyrolysis[16].Figure 2 shows the possible formation pathway of biochar. During the
pyrolysis process, the volatile products are released from the biomass leaves carbonaceous pyrochar
material.

Comparing with pyrolysis, ionic reactions are conducted in anaqueous medium. The
depolymerization of cellulose,hemicelluloses, and lignin occurs at relatively low temperaturesunder
hydrothermal conditions [7,17,18]. Unlike pyrochar, thehydrochar obtained through a different
pathway resulting in the formation of abundant functional groups, such as hydroxyl and
carboxylgroups. The formation pathway of hydrochar is illustratedin Fig. 3.During the hydrothermal
carbonization process, celluloseand hemicelluloses are initially hydrolyzed into oligosaccharides and
monosaccharides through the breakage of theirglycosidic bonds in hot compressed water. These
water-solubleoligo and monosaccharides are further degradedinto small molecule compounds, such
as 5-hydroxymethylfurfural (HMF), furfural (FF), acetic acid, etc., at relatively mildconditions or
decomposed into syngas at more severe conditions. Meanwhile, the ether linkages of lignin (mainly
b-O-4 anda-O-4 linkages) are also unstable under hydrothermal conditions, and a large amount of
lignin is converted into variouswater-soluble phenolic compounds when the lignocellulosicmaterial
is hydrothermally treated at 240°C [19]. However, mostcarbon-carbon bonds in lignin (mainly b-b,
b-5, b-1, and 5-5linkages) are more stable than oligo and monosaccharides, and they are leftas

“aggregated hydrochars”[20].The furan compounds(FF and HMF), derived from hemicelluloses and
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cellulose, then react with the soluble phenolic compounds derived from lignin, forming “dispersed
hydrochars” through polymerization[21].The “dispersed hydrochar” surface which contains reactive

oxygen-containing groups further reacts with the"aggregated hydrochars" and covers the surface of

the "aggregated hydrochars", resulting in a hydrochar with lowspecific surface area and poor

porosity[21,22].
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Fig 2. Formation pathway of pyrochar (Ref. RSC Adv., 2017, 7, 48793-48805)
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Fig 3. Formation pathway of hydrochar (Ref. RSC Adv., 2017, 7, 48793-48805)

Various approaches have been developed for biochar production from different feedstocks.
Among these, torrefaction, pyrolysis, gasification, hydrothermal carbonization (HTC), and flash

carbonization are thermochemical conversion technologies discussed here.

2.1 Torrefaction

Torrefaction is a mild preheat treatment before pyrolysis or gasification. The treatment temperature
varies from 200-300 °C with a slow heating rate and short retention time.[119]. The solid product
obtained from torrefaction will be carbon enriched, porous, high energy density, low dense, low O/C
ratio, more easily grindable, low moisture content, easily stored and transported[22,23]. The
variables that are affecting the yield of carbon content include temperature, retention time, raw

material, and furnace types[23]. For example, at 200 °C beechlignin initiated a transformation, while

Eur. Chem. Bull. 2023,12(4), 3255-3279 3260



A Review on Biochar as Catalyst/Catalyst Support for
Oxidation/Reduction/Redox Reactions
Section A-Research paper

the majority of biomass started their transformationfrom 230 °C while cellulose only degraded above
270 °C [22]. Solid yields of more than 77 wt% were found for hardwood and switchgrass
pellets[24]. Torrefaction of oil palm fiber pellets at a temperature range from 275-350 °C in inert

and oxidative atmospheres produced 43 and 65% biochar respectively[25].

2.2 Pyrolysis
Pyrolysis is the decomposition of biomass at 300-1200 °C in the absence (or limited)
of oxygen produces pyrochar. Biochar production can be favored at temperatures between 300—700

°C. The pyrolysis can be divided into slow, fast, intermediate, flash, and vacuum pyrolysis [26-29].

2.2.1 Slow pyrolysis

Slow pyrolysis employs low operating temperatures(400-650°C), slow heating rate(~5-10 °C min-1),
high vapor residence time (5-60 min), and long holding times(hours to days) [ 30-34]. The yield
from the pyrolysis setup ranges from 20 to 40% and decreases with increasing pyrolysis temperature
and heating rate [30-36]. The properties of biochar can also depend upon the properties of
feedstock.Biochars produced frombagasse and wood stem showed various pore size and large
Surface area as compared to the biochar produced from cocopeat, paddy straw, and palm kernel
shell. The SBETand pore structures of biochar are found to be sufficiently developed at around 500

°C[37] with high thermal stability and a wide range of mineral composition [38].

2.2.2. Fast pyrolysis

Fast pyrolysis employs rapid, high-temperature treatment of biomass in the absence of oxygen [39].
In order to increase heat transfer and conversion, the biomass drying and grinding is
necessary[27,40]. Fast pyrolysis gives high yield of bio-oil instead of biochar(15-25wt%)[27,30].
The fast pyrolysis of biochar produced from wheat straw contains an un-pyrolyzed carbohydrate

fraction (8.8%) but completely carbonized in the slow pyrolysis process[40]. The two pyrolysis

Eur. Chem. Bull. 2023,12(4), 3255-3279 3261



A Review on Biochar as Catalyst/Catalyst Support for
Oxidation/Reduction/Redox Reactions
Section A-Research paper
methods resulted in different characteristics of biochar including pH, particle size, and surface area,

by the formation of highly ordered aromatics at 400 °C and increased surface area at 500 °C (175.4

m? g-1) compared to 300 °C (2.9 m? g-1) and 400 °C (4.8 m?g-1)[41,42].

2.2.3. Intermediate pyrolysis

Intermediate pyrolysis operates at the condition between slow and fast pyrolysis. Operating
temperature up to 500 °C, residence times of 0.5-25 min vapor residence times of 2-4 s, yields 15—
35 wt% of dry and brittle biochar[43-46]. Biochar produced from a pilot plant that uses wood and
barley straw pellets yielded 30 wt% char containing 75 wt% carbon [47].Organic fractions of
municipal solid waste under intermediate pyrolysis yielded 51.7 wt% char because of the presence of

inert fractions in the biomass[48].

2.2.4 Other methods

Other methods of pyrolysis include flash and vacuum pyrolysis. During the flash pyrolysis, the
temperature is raised to 1000 °C at a heating rate of 1000 °C s-1 for less than 1s, gives high bio-oil
yield, and low char production [28, 49-50]. Vacuum pyrolysis is conducted at a process condition the
same as that of slow pyrolysis except the pressure is reduced to 10-100kPa. The bio-oil yield is
more for vacuum pyrolysis as compared to flash pyrolysis[51]. On vacuum pyrolysis of South
African sugarcane bagasse, yielded only 18.1wt% char which was found to be a good adsorbent with

surface area (418 m?g-1) and ion exchange capacity (122 cmol. kg-1)[51-52].

2.2.5 Gasification

Gasification converts carbonaceous materials into syngas, tars, and char at around a temperature of
800°C in the presence of active gaseous like oxygen, nitrogen, air, CO,, steam, or other gas mixture
medium (e.g. oxygen, nitrogen, air, carbon dioxide, steam or gas mixture) [28]. Gasification involves

drying, pyrolysis, partial oxidation, and reduction. The yield of char is only 5-10 wt% of the
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feedstock
mass[53,54]. The process can be scaled up to large capacity, thus producing several tons of biochar
per day as a co-product[55]. In comparison with the biochar produced by pyrolysis, gasification char
usually has small particle size[54], low surface area, and pore volumes[56]. Char from gasification is
low in carbon content (2060 wt%), but because of the condensation of aromatic rings enables
strong resistance to chemical oxidation and microbial mineralization though it has limited surface
chemistry[53-57]. A two-stage process combining both pyrolysis and gasification of straw and wood
in separate reactors at around 730 °C produces chars of high porosity and Surface area, can be used

as an additive for soil remediation[57].

2.2.6 Hydrothermal carbonization

Hydrothermal carbonization (HTC) is another approach toprocess biomass to yield biochar. The
feedstock is heated at 200-300 °C in a closed vessel, under the pressure of 2-10 MPa with the
presence of liquid water, yields hydrochar [58,59]. At a temperature of 300 °C, it is possible to
produce the hydrochar with better thermal stability. Hydrothermal carbonisation is also termed as
wet torrefaction[60] or wet pyrolysis [61], which produces the biochar with smaller pore volume and

low ash and carbon content[62].

2.2.7 Flash carbonization

The Flash carbonization process produces biocarbon (i.e. charcoal) via an ignition and controlled
flash fire at the high temperature inside a packed bed at a pressure of 1MPa frombiomass quickly
and efficiently [63-65]. The combustion flame moves in opposite to that of the airflow, transforming
the biomass into gas and charcoal in less than30 min. Typically, the charcoal yield was found to be

around 40 wt%.
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3. Activation and functionalization of supported catalysts

Activation of biochar is done to increase the specific surface area and porosity prior to use as

catalyst support. The improvement in specific surface area and porosity is due to the development

and opening of internal porous structure[7,66]. Thus, activated biochar can be used in soil

amendments, environmental adsorbents, carbon sequestration, and support for various catalytic

reactions. Activated biochar provides more active sites, high active loading surface, high mass

transfer capacities for catalytic reactions[12,67]. The activation methods can be broadly classified

into three categories: impregnation methods to incorporate active components, physical activation,

and chemical activation[68].

3.1 Physical activation
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Physical activation is a process, where the prepared biochar is further exposed to a controlled flow of
steam/CO, / mixture of steam and CO, at high temperatures (above 700 °C). At high temperatures,
carbon atoms of the biochar are partially eroded via C—H,0 and/or C—CO, gasification reactions[26].
Most of the reactive carbon present in the carbonized material can be selectively removed and can
open the enclosed pores during the physical activation[12]. Thus, it is possible to get improved
specific surface area and well-developed pore structure(micropores with a low contribution of
mesopores) as a result of physical activation[12,69,70]. The choice of feedstock, activating gas, and
reaction conditions have a significant effect on porosity, pore size distribution, and specific surface
area of the activated biochar[26]. Adsorptive properties of the steam activated biochars produced
from fast pyrolysis of several substrates for metal ion uptake are studied [71].The surface area and
micropore volume of biochars improved from 4m2/g to 136-793m2/g, when on activation at 800°C
for 45 min. Thus the metal ion adsorption was also improved as a result of improved surface area
and porosity[71]. Activation of biochars produced from the slow pyrolysis of willow using steam
and carbon dioxide significantly improved the surface area and porosity of the biochar [72]. It was
found that the surface area of steam activated carbon(840.6 m? g-1) is greater than that of CO,-
activated biochar (512 m? g-1) [72]. In contrast, the biochars activated using CO, of coffee endocarp
showed the higher surface area and pore volumes than the corresponding steam activated biochars.
The conclusion was made that the contradiction is because of the change in microstructures of the

feed stock[73].

3.2 Chemical activation

The prepared biochar is first impregnated in a solution containing activation agents like KOH,
ZnCl,, K,COg3, H,SO4, H3PO,, etc followed by heating at elevated temperatures under an inert gas
flow [26,36,74,12,75,76]. These chemicals remove the partial carbon atoms and volatile matter from

the biochar, suppress the tar formation, and thus develop the pores of the biochar matrix [12,77].
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The activation efficiency of chemical activation is always higher than physical activation which
produces high porosity and surface area at low operating temperatures [60]. It is necessary to wash
the biochar after chemical activation to remove the impregnating agents and its salts[78,79]. Since
the chemical activation also aggravates equipment corrosion and creates secondary pollution, affects
the application of chemical activation[60]. The activation temperature, activating agent, type of feed
also affect the porosity, pore size, and specific surface area of the activated char[26,80]. It was found
that short activation time and low activation temperature increases chemical activation. But, high
usage of chemicals, equipment corrosion, and risk in wastewater treatment limit the application of

chemical activation.

3.3 Impregnation

The impregnation method was used to incorporate the active metallic component to the biochar
matrix by mixing the feedstocks with the metal precursors. This produces active interfaces and
binding sites[81-87]. Iron incorporated biochar produced from ligninmagnetite pellet at 900°C is
used for the adsorption and degradation of trichloroethylene [81].A rice straw-derived biochar-
Co30,4 composite has been prepared by impregnating the biochar with Co(NO3),, followed by
hydrothermal treatment and calcinations[83]. The composite showed higher surface area (62.7 m?® g-
1) and total pore volume (0.207 cm® g-1) than those of pristine biochar (43.0 m? g-1, 0.081 cm® g-1)
and Co30, (37.0 m? g-1, 0.184 cm® g-1). The adhesion of the metallic species was highly influenced

by the nature of the biomass used.

4. Biochar based catalytic reactions-Oxidation/Reduction/Redox reactions
The high surface area and pore volume make the biochar suitable for catalyst support and even as a
catalyst for many chemical reactions. Oxidation/reduction reactions are the major reactions at which

the catalyst supports (metal oxide supports) are being replaced by the carbonaceous material derived
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from biomass. Also in the removal of heavy metals from the wastewater/drinking water, the biochar
found to be very useful as it has a high surface area and pore volume. The following paragraph deals
with some oxidation/reduction reaction at which biochar is used in place of metal oxide catalysts and
for the abatement of environmental pollutants from the water resources.

For oxidation/reduction/redox reactions, several methods have been developed to activate the
carbon lattice and improve their oxidation resistance. The addition of some compounds can be used
to tune the catalytic activity and recoverability. Metal species wrapped in heteroatom-doped
graphitic carbon layers were used to boost the reactivity, at temperatures > 700 °C. This entangles
the meaningful comparison of biochar reactivity and the modes of interaction in redox conversions
over highly graphitic pyrogenic carbons [88,89]. By modifying the textural, chemical, and electronic
states enables it a more resilient photo, electro, and chemocatalyst and can be used as metal-free
carbocatalysis [90].Biochar derived from poultry litter and wastewater biosolids reduced the
hydrophobic dinitro herbicides (pendimethalin and trifluralin) and explosives (2,4/dinitrotoluene and
hexahydro/1,3,5/trinitro/1,3,5/triazine) completely. Because of low surface area, the biochar quickly
adsorbed 28% of pendimethalin while up to 95% of the herbicide was reduced after 2 h and 62% of
Trifluralin. The redox of explosive substances significantly improved in the presence of biochars
bearing graphene-like structures. The biochar produced through very ill-defined carbonization made
it thermallyunstable and vulnerable to harsh oxidative environments. Highly graphitised biochar is
more electrochemically positive and thus greater redox reactivity than nongraphitised
biochar[91].Incorporating different components, biochar exhibits mixed behaviors. The derived
biochars from Polyacrylamide and polyferricsulfate-flocculated sludge with iron-heteroatom-carbon
interfaces highly active for tetracycline degradation[92]. Oak wood-derived char has been found to
be the main facilitator in the dechlorination of 1,1-trichloro-2,2-di(4-chlorophenyl)ethane and its

various metabolites[93].
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The behavior of two types of modified biochar (functional and iron composite biochars) as a
catalyst derived from pyrolysis of Cladophora glomerata (C. glomerata) macroalgae. Two catalytic
pyrolysis experiments were conducted in a 25 mL slow pyrolysis reactor in the presence of biochar-
based catalysts at the temperature of 500 °C. For activated functional biochar, no clear effect on
biogas production was observed, whereas iron composite biochar increased the hydrogen content by
7.99 mml/g algae. Iron composite biochar showed remarkable catalytic behaviors (especially toward
hydrogen production) due to its wonderful surface area, high dispersion of iron particles and
particular structures and compositions. Thus this process provided a promising path for the low-
cost, efficient, renewable and environmental friendly catalysts[94].

Biochar (BC), produced by fast pyrolysis of rice husk, was activatedby chemical and
physical processes. The activated biochar (ABC) showed graphite-like morphology and had a large
number of pores with a high surfacearea of 1058 m?/g. The biochar produced through fast pyrolysis
is used as catalyst support for Ru metal for syngas methanation. Thecatalytic performance of the
Ru/ABC catalyst in methanation was superior orcomparable to the conventional activated carbon
(AC) supported Ru catalyst. High CH,4 selectivity of 98% and a CO conversion of 100% were
obtained underthe proper reaction conditions over the Ru/ABC catalyst[95].

Carbon nanoparticles have provided new solutions for the removal of various environmental
contaminants. In this paper,two carbon nanomaterial-biochar nanocomposites (SG-PySA-CNT and
SG-PySA-GO) were derived from sweetgum biomass pretreated with carbon nanotubes (CNTs) and
graphene oxide (GO) through slow pyrolysis at 600 -C. Both SG-PySA-CNT and SG-PySA-GO
had higher surface area but much lower pore volume than the pristine biochar (SG). Batch sorption
experimental results showed that SG— PySA-CNT and SG-PySA-GO had greater sorption ability to
Pb(Il) and Cd(Il) from an aqueous solution than SG. SG-PySA-GO was the best sorbent with
maximum sorption capacities higher than 40 and 10 mg g1 for Pb(Il) and Cd(Il), respectively. The

enhanced metal sorption by the biochar nanocomposites is because of theexcellent sorptive
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properties of the carbon nanoparticles distributed and stabilized on the biochar surfaces within the
matrix.Because of its facile synthesis and good sorptive properties, biocharsupported CNT and GO

nanocomposites have great potential to beused in various environmental applications for the removal

of metaland metalloid contaminants[96].

5. Conclusion

Different methods for the preparation of biomass derived carbon catalyst supports and catalysis
applications have been reviewed in this article. Direct hydrothermal carbonization (HTC) of
biomass-derived precursors can result in porous structured carbons with different oxygen
functionalities that facilitate the anchoring of active catalysts on their surface. The structure-
directing the role of templates in making porous carbons with high surface area and tunable porosity
is discussed with suitable examples. Active metal catalysts supported on porous carbon performed
several organic reactions including hydrogenation, oxidation, methanation, etc. Carbon-based
catalysts for environmental applications have become a research hot-spot in recent years, owing to
their low cost, simple synthesis method, and environmentally safe nature. Considering that biomass
is a renewable, highly abundant, and low-cost precursor, the direct preparation of carbonaceous
materials from biomass would have a potential advantage. Under a controlled pyrolysis process, the
inbuilt ordered porous structure of natural raw biomass can retain their textural properties in the final
carbon materials which are highly demanding in various potential technological applications. Some
of these functionalized carbonaceous materials have been already demonstrated in a wide range of
advanced catalytic applications. Apart from the proper selection of biomass precursors, the
preparation method is also an important factor to achieve carbon materials with excellent
physicochemical properties. Consequently, more efforts have to be given on the development of
greener synthetic protocols to design biomass-derived carbon materials with required features for

their catalysis-related applications of future relevance. These will include biomass conversion,
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photochemical processes, advanced electrocatalysis, aqueous chemistries (i.e. in organic synthesis
and in biomass/waste valorization) as well as continuous flow processes. Various examples of
catalytic applications of carbonaceous materials illustrate the potential of designer nanomaterials and
(nano)composites for a wide range of applications in catalysis, which will serve the future of a more
sustainable and benign-by-design preparation of nanocatalysts as a potential replacement of

currentindustrial catalytic systems.
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