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Abstract: Due to the ever increasing global warming, the scientific community is concerned with finding
immediate solutions to reduce or utilize carbon dioxide (CO:z) and convert it in useful compounds. In this
context, the reductive process of CO:2 methanation is well investigated and attractive due to its simplicity.
However, it requires the development of highly active catalysts. In this mini-review, the focus is on biochar-
immobilized nanocatalysts for CO2 methanation. We summarize the recent literature on the topic, reporting
strategies for the design of biochar with immobilized nanocatalysts and their performances in CO2
methanation. We review the thermochemical transformation of biomass into biochar and its decoration with
CO2 methanation catalysts. We also tackle direct methods of obtaining biochar-nanocatalysts, in one pot, from
nanocatalyst precursor-impregnated biomass. We review the effect of the initial biomass nature, as well as the
conditions that permit to tune the perfomances of the composite catalysts. Finally, we discuss the CO2
methanation performances and how they could be improved keeping in mind low operation cost and
particularly sustainability.
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1. Introduction

The inevitable combustion of fossil fuels releases massive amounts of greenhouse gases (GHGs),
especially CO2, which is the leading cause of global warming and climate change [1]. CO2 alone
contributes 20 % of the emitted GHGs that increased by more than 15 % in the last decade to reach
nearly 30 billion tons with a high expectation to be doubled by 2050 [2,3]. Thereby, it is crucial to
reduce 20 gigatons/year of the emitted CO: within the coming thirty years and to near zero at the end
of this century to decrease the Earth’s temperature to 6 °C [4]. COz mitigation in the atmosphere is
investigated via two strategies : capture and utilization. CO2 could be captured by numerous high
surface porous materials [5], or converted into useful compounds such as dimethyl carbonate [6], or
via dry reforming [7], CO: hydrogenation to methanol [8], and CO: methanation [9]. Dry reforming
reactions require high operating temperatures, as CHs and CO: are thermally stable compounds in
addition to the fast coke formation, as carbon originates from two sources (CHs and COz), which
poisons the catalyst and blocks the reactors [10]. In addition, the track of CO2 hydrogenation to
methanol requires severe operating conditions, such as high reaction temperatures and high applied
pressures, which means high operatinal cost [8].

Hydrogenation of CO:z to methane (eq. (1)) or to methanol (eq. (2)) are possible pathways to the
utilization of COz but thermodynamically speaking, more heat is released by the CO2
methanation[11].

CO2 + 4H2 — CHa + 2H20 AH29sx = - 165 kJ/mol AG=-141.9 kJ/mol (1)

2CO:z + 3H2 = CH3OH + H20 AH2sk=-49.5k]/mol ~ AG= 3.5 kJ/mol (2)
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Scheme 1. The CO2 methanation process over nickel-based catalysts. Reproduced from [12] with
permission of Elsevier.

A simplified mechanism of CO2 methanation is displayed in Scheme 1; example is given for
supported nickel nanocatalyst. However, it is to note that the mechanisms could be affected by the
support nature[12].

Thus, among the CO: applications, the methanation reaction is simple to be conducted, under
mild temperature conditions (in the 200-500 °C range), and more importantly, such a reaction could
be done at ambient pressure [13]. These salient features of CO2 methanation made it highly popular
as witnessed from Figure 1, showing the remarkable increase in publications on CO2 methanation in
the last ten years. Yet, CO:2 methanation requires efficient catalysts, and in this regard, mono,
bimetallic nanocatalysts, and other metal/metal oxide combined catalysts were employed in the pure
form or in the dispersed state. In the latter case, high surface area catalyst supports are required, and
numerous have been employed, namely silica, zeolite, clay, MOF, and carbon allotropes. However,
the emerging high-performance material coined as « biochar » has just started to be investigated as
nanocatalyst support for CO: methanation.
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Figure 1. Number of publications per year on the CO: methanation and the same reaction using
biochar materials. Source : Web of Science, last accessed : 17 November 2023.

Given the sky-rocketing number of publications on biochar (about 5-6000 publications yearly
since 2021), it is clear that this support obtained by thermochemical treatment of the biomass, mostly
lignocellulosic trash, has much to offer, and this is what has attracted us. In the past two years, we
have spent time and effort on the design of biochar@nanocatalyst from various lignocellulosic wastes
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for the degradation of dyes [14-17] and the elimination of other emerging pollutants. Apart from de-
pollution, and investigating green and valuable methods to design biochar-based materials for the
energy sector, we have decided to invest time on the attractive and challenging process of CO:
methanation. It is also important to draw the attention of materials scientists and catalysis experts on
the growing role of biochar in this area. Although there is abundant literature on the design of
catalysts for CO: methanation, our search using the Web of Science returned no specific review,
focussing on biochar-immobilized nanocatalysts for CO: methanation; hence the motivation for this
contribution.

2. Biochar@catalyst fabrication and modification

Biochar serves as an ideal porous support for catalysts, prepared by thermochemical methods.
Through the various pretreatments or loading of metal nanoparticles to tune its physicochemical
properties, the fabrication process results in promising biochar-based composite materials. We
present a comprehensive overview of biochar modification, focusing primarily on physical
modification, chemical modification, nanoparticle modification and sequence of wetness
impregnation/pyrolysis (Figure 2).

Pre-treatment
* Physical activation
CO,, H,0, NH,

Catalysts modification
(i) Impregnating biomass
with catalyst precursors

¢ Chemical activation
acids, bases and salts

before thermal treatment.
(ii)Depositing the catalyst
onto biochar by an in-situ

- process.
Assisted treatment (iii) Mixing of biochar and
* Microwave reaction catalyst.

* Ultrasonication
Thermal treatment

.

Biochar@catalysts

Figure 2. The framework on biochar@catalyst preparation via three main methods. The biomass
could be pre-treated prior to carbonization. Microwave or ultrasonication could be applied to either
the biomass or the obtained biochar, and the process.

2.1. Fabrication process

Thermochemical methods have emerged as a promising technology for the conversion of
biomass into valuable products[18]. Herein, the focus is on biomass pyrolysis-derived biochar
immobilized metal catalysts, presenting the carbonaceous materials as a popular topic for
environmentally friendly alternatives.

Pyrolysis is a common thermochemical technology, biomass Biomass undergoes carbonization
in an inert or oxygen-limited conditions, and heated above its thermal stability limit without
combustion [19,20], resulting in more stable products and solid residues, including large quantities
of liquids (bio-oil), solids (biochar) and gases (biosyngas) [21]. Both in fast pyrolysis and flash
pyrolysis, biomass is rapidly heated to high temperatures within a short residence time, resulting in
dominant yields of oil and gas over charcoal [22,23]. In contrast, slow pyrolysis, characterized by
med-high temperatures (500-900 °C), a slow heating rate (5-10 K/min), and an extended residence
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time (210 min), provides an ideal environment and sufficient duration to the production of solid
carbonaceous materials, particularly biochar-based materials.

2.2. Precursor material pretreatment

Common functional groups attaching the surface of biochar are determined by the raw materials
and the pyrolysis conditions. The pretreatment of the biomass, biochar precursor, is a viable strategy
to tailor the surface properties of composite catalysts. This section will primarily discuss the impact
of physical and chemical pretreatments.

2.2.1. Physical pretreatment

Physical pretreatment is a pivotal step in enhancing catalyst activity. Most physical activation is
performed on the obtained biochar during high-temperature carbonization in an atmosphere of CO,
H202, NH2 or water vapor. Sun et al. [24] proposed a method for the preparation of biochar-based
catalysts through the CO: activation for impedance reduction. They first heated the biochar to a set
temperature under N2 atmosphere (800-900 °C), then CO: (500 mL/min) was injected to start the
activation for 1 h. The obtained biochar enhanced the graphitization to improve the electron transfer
ability.

Iberahim et al.[25] prepared oil palm fiber activated biochar at 753 °C for 73 min of activation
time with 497 ml/min of CO: flow. The pH value of activated biochar was higher than pure biochar
and increased as the activation temperature increased from 600 to 800 °C. The catalyst surface pH
provides valuable insights into the adsorption of gas molecules, combining consideration into the
acidity and basicity of target gas molecules. As the biochar is activated under a CO:2 atmosphere at
high temperatures, involves oxidative treatment, effectively improving structural characteristics that
enhance its suitability for applications in catalysis[19].

Feng et al.[26] in their work described H2O activated biochar and ammonia activated biochar.
They used corn straw as raw materials, and activated biochar were prepared by NHs-H20 activation
and H2O activation to design the biochars with hierarchical pore and O/N functional groups, the N-
containing functional groups on ammonia activated biochar surface have greater adsorption energy
for CO2 and NHs adsorption than O-containing groups of H20 activated biochar. This result also
highlights the significance of chemical functionalities on the catalyst surface in enhancing
performance.

2.2.2. Chemical pretreatment

Chemical pretreatment is another critical precursor material activated method, involving
activators include acids, bases, salts, and more. Based on literature reports, employing chemical
activation methods for precursor treatment has been shown to develop the catalyst properties, such
as surface area, porosity, functional groups, and active sites in order to increase biochar reaction rate.

Tang et al. [27] used pine nut shells to obtain biochar through KOH pretreatment and calcination
method. Its microporosity was 20 times higher than that of biochar without KOH pretreatment, and
its specific surface area was as high as 1850 m?-g~!, which is very suitable for CO: adsorption (CO2
uptake of 6.05 mmol-g at 1 bar, 273 K).

African almond leaves were firstly treated with phosphoric acid (HsPOs), followed by pyrolysis
at high temperatures in an inert environment. Embedding phosphoric acid functional groups (POs*)
on the surface through chemical pretreatment increases the adsorption capacity of biochar and can
remove >98% of MB dye molecules within 30 minutes [28]. Nguyen et al.[29] researched the pore-
forming effect of ZnCl. decomposition during thermal treatment to improve the physicochemical
properties of biochar is good strategies. Biochar derived from brown algal Ascophyllum nodosum was
synthesized through hydrothermal carbonization (HTC) coupling with ZnClz2 chemical activation at
700 °C. The activating process with ZnCl. changed the pyrolysis path of biochar and improved
accessible binding sites as proved by TG and BET analyses, its acidic and basic groups on the biochar
surface have also been modified.
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2.3. Nanoparticle loading

Metal loading is a crucial factor influencing the performance of composite catalysts. Biochar
materials can be functionalized or modified with the addition of nanoparticles during thermal
treatment or physical-chemical reactions, which the generated composites combine the properties of
biochar and nanoparticles. This section will primarily intended to discuss the impact of different
metal loading methods, such as wet impregnation, in-situ process and more. Relevant literature will
be summarized to illustrate the effects of various metal loading strategies on the catalytic activity of
composite catalysts.

Snoussi et al. [30] pretreated the biomass by maceration in hydroalcoholic mixture with
ultrasonication-assistance then impregnated with copper and silver nitrate salts prior to pyrolysis at
500 °C under N2:H2 95 %:5% for 1 h, therefore leading to biochar-supported Ag/Cu nanoparticles.
Compared to pristine biochar, the biochar made out of the macerated biomass exhibited a noticeable
microporosity, with more accessible porous structure. N2-physisorption measurements proved the
specific surface area of Ag/Cu-Biochar increased by 20 % and its pore volume has a 25-fold increase.

Prabhakaran et al. [31] proposed to modify the surface of biochar by introducing iron oxide
nanoparticles, and elaborated on the synthesis process of wetness impregnation for 1 h and
hydrothermal method at 180 °C for 12 h to prepare magnetic biochar nanocomposites (Figure 3). The
biochar-based iron oxide nanocomposite demonstrated for reuse after separation, as well as high
adsorption capacity for dye removal from aqueous solutions.
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Figure 3. Iron oxgen nanoparticles modified with biochar materials for methylene blue (MB)
adsorption. Adapted from [31] with permission of Elsevier.

He et al. [32] prepared bi-nanoparticles Co-N loaded onto biochar through a two-step
modification method. First, the synthesis of N-doped biochar materials was pretreated and pyrolyzed,
and then the Co-N biochar composite materials was synthesized by microwave-assistance and
pyrolysis again, modifying Co nanoparticles on the N-doped biochar doped with different nitrogen
sources to obtain bi-catalyst biochar composites. Maiti et al.[33] modified highly porous biochar
composites with the conductive polymer PANI into binary composites through in-situ
polymerization for studying capacitive properties. An activation process with HCl and the oxidizing
agent ammonium persulfate (APS) was also applied to increase the energy density and specific
capacitance. It follows that a combination of multiple modifications is necessary to improve biochar
with the desired properties.
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2.4. Sequence of wetness impregnation/pyrolysis

The wetness impregnation/pyrolysis method is the most commonly employed technique for the
fabrication of biochar composites. This can be achieved by either the modification of biomass prior
to pyrolysis (pre-pyrolysis modification) or by post-pyrolysis modification of biochar. The stepwise
loading of bi-catalysts onto biochar follows a similar approach [32]. The order of wet impregnation
and pyrolysis significantly influences the physicochemical properties of the biochar composites such
the pore structure and the specific surface area, SEM analysis indicated that the pre-treatment
followed by pyrolysis induces catalyzed carbonization of the biomass, formation of pores and
considerable surface area[34]. This contrasts with post-treatment of the pyrolyzed samples,
containing less unevenly distributed inorganic particles/larger crystal clusters resulted in blocking
the pores and reduce the specific surface area (Figure 4). Wet impregnation modification facilitated
the introduction of higher concentrations of metals, leading to the formation of metal oxides on the
biochar surface and an improvement in the porous structure. Interestingly, this comparative study of
the ecotoxicological characteristics of Zn-decorated biochar prepared by either pretreatment of the
biomass or post-treatment of the biochar demonstrated that the final biochar@Zn were found
distinctly different [34], for example post-treatment led to biochar@Zn with higher content of
polyaromatic hydrocarbons and thus more toxicity. It follows that a comparative study of the method
of preparation of reductive composite catalysts could be an issue when considering CO: methanation.

Figure 4. SEM images (5.00 kx magnification) of biochar samples loaded with Zn, prepared under
different conditions. Reproduced from [34] with permission of Elsevier. PR: pretreatment, PS: post-
treatment, PST: additional pyrolysis step. 500 and 700 stand for the pyrolysis temperature.

In recent studies, some of the authors [17,30] reported the synthesis of biochar/bimetallic
nanocatalyst composites by mixing biomass into two metal nitrate solutions via a wet impregnation
method followed by pyrolysis. SEM results revealed a spacious porous structure, with metal
nanoparticles uniformly dispersed on the surface. XRD analysis confirmed the presence of a
bimetallic alloy, verifying the successful loading of metal nanoparticles onto the biochar substrate.

3. Case studies for catalyzed CO: methanation

Research on biochar-based composite materials for catalyzing carbon dioxide methanation
reveals the critical factors of temperature, pressure, and gas composition on CO2 conversion rates and
CHea selectivity. The preparation, involved pre-treatment/activation, nanoparticle modifications and
pyrolysis process parameters (temperature, flowrate, heat rate, residence time), play a key role in
incorporating specific elements or achieve surface modifications. In Table 1, we summarize the
literature on some biochar-based composites for CO2 methanation. The % CO: conversion and the %


https://doi.org/10.20944/preprints202312.1417.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 December 2023 doi:10.20944/preprints202312.1417.v1

8

CHas selectivity were calculated according to Eqs. (3)-(4), where the subscripts “in” and “out”
represent the participating gas inlet and gas outlet quantities, respectively.

COZ,iI’l - COZ,Out % 100

CO2 conversion = 3)
COz,in

COs4 selectivity = CHaout * 100 4)

CHy,out+ Other produced gases oyt

Table 1. Shortlisted biochar/catalyst composites prepared and their application.

Biochar/Cat
Biomass alyst Synthesis procedure CO: methanation performance Refs.
(yield %)

Biochar was prepared in two steps:
pyrolysis at 600°C in N: followed by
heat treatment again of the resulting

ioch °C.
Sucrose Biochar/Ni- biochar at 900 °C CO: conversion: 40%

iFe bi 1li 1
(Silica gel as aFe NiFe b1.meta i talyst was pr?paredCI_h selectivity: 90% [35]
from mixture of nickel and iron nitrates.

template) biochar wet impregnated in NiFe(400 °C under H2:CO2 ratio of 4 )
solution. The mixture was carbonized at
300 °C for 8 h under H>/N2 aomosphere
for the biochar/NiFe.
Municipal solid 100g MSW pyrolyzed at 600 °C in N:
waste (MSW, (100 mL/min).
includes kitchen 20 g biochar was wet 1mPregn.ated into COs conversion: > 90%
wastes 25 wt%, paper_ . . the 200 mL ethanol solution with 24.8 g .
Biochar/Ni . CHa selectivity: >95% [33]
10 wt%, cloth and nickel nitrate. (1 MPa and 400 °C for 10 h)
fiber25 wt%, plastic Then the mixture was calcined in N: at
20 wt%, residue 20 400 °C for 2h and the calcined with Ha
wit% ) at 400 °C for 2h for bioichar/Ni.
Biochar was produced via a two-step
process: pyrolysis of biomass under
Nz2at0.1 MPaand 500 C(heating rate of
5 C /min), subsequent physical
activation with COz at 1.0 MPa and
700 C.
Wheat StrawBiochar Ni- CeO»-doped biochar supportCO: conversion: > 60%
pellets (9 mm OD and CeOn (BBCe)were  prepared via  wetCHasselectivity: >90% [36]
10-13 mm long) impregnation in  Ce(NOs)3-6H20( 0.1 MPa and 375 °C for 10 h)
solution and calcination at 500 C in Ar
atmosphere.
Then the Nickel was deposited on BCCe
supports via wet impregnation with
Ni(NOs)2:6H20 solution and calcined in
air at 500 C for the biochar/NiCeO2
Commercial Biochar/Pt Pyrolysis of bic?mass prepaored a't 509 C
. . ] for 2 h Cheating ratel0 °‘C/min) in a . .
microcrystalline Biochar/Pt- . CO methanation reaction [37]
cellulose Na reductant flow (1:1 nitrogen/hydrogen,

200 mL-min™).
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Pt and Pt-Na-promoted catalysts were
prepared by wetness impregnation.
The aqueous solution of Pt(NHs)2(NOz)2
alone or with NaxCOs, respectively,
were dropped on the biochar support
and the mixture was maintained under
continuous stirring for 1 h (metal
loading 1 wt. % for platinum and 5
wt. % for sodium). Then, the solid was
dried and reduced at 350 'C for 1 h in
N2/H: flow.
Pinus sylvestris powder was added into
a cerium nitrate solution until dried.
The powder product was then ground
uniformly with NaHCOs. The mixture
was heated up to 600 °C under Nz for 1
h. The black powder was impregnated
with HNO:s (0.5 M) and then rinsed withCO: conversion: 88.6 %
deionized water till the filtered waterCHa selectivity: 92.3 % [38]
was neutral. The resulting sample was(360 °C and 1 MPa)
then dried.
The Ce-ABC was added in ethanol
within ~ Ni(NOs)2:6H20.Then  the
obtained solid sample was dried and
calcined at 500 C for 4 h to give the
biochar/NiCe .
Biomass, urea and NaHCO:s were mixed
(the mass ratio of 1:4:3). The mixture
was heated at 500-700°C for 1h under
N2 atmosphere. The biochar was then
impregnated with HNOs and washed
with deionized water, then dried to giveCO2 conversion: 93.8 %
Biochar/Ru- N-doped biochar. CHa selectivity:  99.7 %
N A modified wet impregnation method(1 Mpa and 460 C,
was used to prepare Ru-based catalystn(H2)/n(CO2)=4)
by adding N-doped biochar to ethanol
containing RuCls»xH20 (Ru loading is
3wt%). The mixture was oil bath treated
and dried before being calcined at
480 °C for 4 h.
Biomass impregnated into aqueous

Biochar/Ni-

Pinus sylvestris
Y Ce

10.1016/;.
jeou.2019
.09.003

Pinus sylvestris

solution with nickel nitrate. The .
. . . CO:2 conversion: 44 %
mixture was pyrolysis at 500°C for 1h

under N: atmosphere to obtain Ni_ﬁfll\jlszliitzivélltg(; C7)6 o a
doped biochar. p

Sugarcane bagasse  Biochar/Ni

a: https://doi.org/10.1016/j.mtsust.2023.100627.

3.1. The role of biochar composite preparation in CO2 methanation

The preparation of modified biochar composite materials typically involves a multi-step process,
with variations in pre-treatment and pyrolysis steps as illustrated in Table 1. Gonzélez-Castario et al.
[35] introduced the infiltration of silica gel as a template into sucrose, followed by three rounds of
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impregnation and calcination to get biochar-support, and subsequent calcination and impregnation
steps to produce Ni-Fe bimetallic catalysts. Renda et al. [36] emphasized biochar modification as a
distinct step, involving pyrolysis under nitrogen and activation with COg, leading to impregnation
of CeO2 and eventual preparation of nickel catalysts. Wang et al. [39] focused on the in-situ pyrolysis
process for nitrogen-doped biochar, utilizing Pinus sylvestris as biomass, urea as a nitrogen precursor,
and NaHCO: for activation, followed by the loading of ruthenium catalysts.

For the pyrolysis steps, regardless of the single metal catalyst Ni/biochar composite [33], the
biomass-soaked mixture was first calcined in Nz at 400 °C for 2 h and then in Hz at 400 °C for an
additional period of 2 h. For bimetallic catalyst NiFe/biochar composite [35] was obtained by a second
pyrolysis of the biochar-soaked mixture, conducted at 300 °C for 8 hours, and under N2/H> gas
mixture stream. It was observed that the temperature set during the second pyrolysis did not exceed
that used in the initial pyrolysis step.

3.2. Effect of surface basic sites

Considering that COz is weakly acidic, the basic groups on the surface of carbonaceous materials
play a significant role for the adsorption/activation of COz. Santos et al. [37] preparaed Na/Pt-biochar
composites using alkali metals as the latter can change the electronic structure of the Pt-biochar, thus
improving CO2 adsorption on the Pt catalyst, and create more new basic sites for CO2 activation.

In a related study, Mei et al. [33] highlighted the importance of acid-soluble inorganics and
water-soluble inorganics over the biochar-supported Ni catalyst for methanation reaction at 1 MPa
and 400 °C for 10 h. The authors emphasized the role of alkaline inorganic on the biochar surface.
Surface modification was performed through pretreatment to inhibit acid-soluble inorganics and
water-soluble inorganics on biochar, respectively. The results showed that nickel-loaded biochar
without pretreatment resulted in higher CO: conversion, indicating that acid-soluble inorganics
dominate the performance of biochar, while water-soluble inorganics also play a role, but at lower
extent. Acid-soluble inorganics can not only promote the interaction of Ni/support, but also increase
the concentration of basic sites on the catalyst surface.

Wang et.al [39] investigated the role of the three types of nitrogen on the surface alkalinity of
biochar composites. They achieved CO:z conversion of 93.8% and CHa selectivity of 99.7% using high-
performance of Ru/N-ABC-600. It was emphasized that the high pyridinic nitrogen content and the
surface basicity of the catalyst are the key factors for superior performance, as depicted in Figure 5.
Indeed, the CO: conversion levels off at 380 °C with a clear correlation with the extent of pyridinic
nitrogen type in the biochar support, determined by N1s peak-fitting in XPS. The incorporation of
nitrogen atoms, especially pyridinic-N, enhance the electronic effects and alkalinity, promoting Ha
dissociation and CO2 adsorption. Metal doping represents an indispensable methodology enhancing
the performance and stability of Ni-based catalysts supported on biochar.

100

w4 (A) w] (B)
80 -
70+

60

—=— Ru/N-ABC-500
—&— Ru/N-ABC-600
—&— Ru/N-ABC-700
—v— Ru/ABC-600

CO, Conversion (%)
2z
CO, conversion (%)
8
I

60

T T 1
25 30 35 40

% Pyridinic nitrogen

240 280 320 360 400 440

Temperature (°C)

Figure 5. CO2 conversion on ruthenium-loaded nitrogen-doped biochar prepared at 500-700 °C (A),
and plot of CO2 conversion (in %) to the percentage of biochar pyridinic nitrogen (B). Figure 5A is
reproduced from ref. [39] with permission of Elsevier.
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Gonzalez-Castagno et al. [35] used the CO»-thermal programmed desorption (TPD) to determine
the surface basic sites, as well as the reaction rates and turnover frequencies (TOFs), which was
calculated using :

TOF (S_l) _ molco, converted + 100

S-molyj-Dispersion

The authors determined TOFs by considering Ni sites dispersed on the surface of the catalysts, and
compared in this way Ni/Al vs NiFe/Al, Ni/biochar vs NiFe/biochar, and found that surface basicity
contributes to the activation and adsorption of CO: which is favoured by the increase in basic sites
(Table 2). Therefore, the extent of basic sites was correlated with catalytic performances, however
within the set of samples having the same support. If one compares the catalysts loaded on different
supports, the basic site density promotes CO: adsorption, but not necessarily the TOF. Indeed,
NiFe/biochar adsorbs less CO: than NiFe/Al but performs much better than the latter when one
considers TOF ; this is ascribed to the remarkable specific surface area imparted par the underlying
biochar (712 >> 162 m?/g).

Table 2. Surface area, Ni particle dispersion, basic sites, CO2 adsorption and TOFs for biochar-
catalyst composites.

Surface Ni particle dispersion Ni particle Basic site (.:OZ TOF
area (%) size (nm)  density (umol m2) adsorption (umol (10 s7)
(m2 g—l) gcat_l)
Ni/Al 168 13 8 1.89 308.5 0.81
NiFe/Al 162 18 6 2.26 379.1 1.52
Ni/biochar 754 9 13 - 120.9 0.63
NlFe/lr’ iocha 75 10 11 0.2 140.8 3.12

Following the successful bimetallic Ni/Ce-biochar composites synthesis, Di Stasi et al. [40]
considered replacing the Ce catalyst with an N-catalyst (using urea) over Ni-biochar support. The
addition of nitrogen imparted higher catalytic activity due to the higher pyridinic-N content
introduced by urea doping, and nitrogen-containing functional groups content remained relatively
constant under the operational conditions. However, N-catalyst did not significantly improve the
dispersion of Ni nanoparticles as CeNi did.

3.3. Effect of metal loading

Ni/ABC almost retains the specific surface area of the pristine biochar (more than 350 m?/g) ; the
specific surface area of the catalyst Ni/CeO:z is only 6.4 m?/g. After in-situ modification of cerium, the
specific surface area of the Ni/Ce-ABC is almost half that of Ni/ABC about 155.6 m?/g. However, the
modification of Ce also helped to improve the nanoparticle dispersion on the biochar and limits the
growth of nickel species, reducing the average size of Ni from 20 nm for Ni/ABC to 5-12 nm in the
case of Ni/Ce-ABC. Of utmost importance, Ni nanoparticles are evenly distributed on the support.
The Ni/Ce-ABC composite showed better performance at relatively lower temperature (300 °C),
which can be mainly attributed to the uniform dispersion of nickel species and CeO: particles,
providing more alkaline sites for COz adsorption and activation. When the temperature increases to
360 °C, the CO:z conversion % of the three catalysts is almost the same, which may be due to the
basically same Ni content in all composites (Figure 6). The reaction activity of the catalyst under high
temperature mainly depends on Ni species.
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Figure 6. TEM images of Ni/CeO2(A), Ni/Ce-ABC(B), Ni/ABC(C) and plot of CO2 conversion to
Surface area of catalysy(D). (A) to (C) are reproduced from [38] with permission of Elsevier.

Renda et al. [36] further studied the effect of CeO2 doping amount on Ni-biochar (obtained from
wheat straw) on COz methanation and stability. Figure 7 shows that the addition of CeOz enhances
catalytic performance by promoting CO: activation and reduces the deactivation rate of Ni-biochar
support for CHs yield, indicating that CeO2 strengthens Ni-support interaction to increase catalyst
life. The specific surface area of BC may be tuned using CeOz; adding a low concentration (10 wt. %)
of metal nanoparticles built a higher specific surface area and micro-pores volume. In contrast,
exceeding a certain amount (50 wt. %), the metal nanoparticles completely coat the biochar and block
its pores, therefore resulting in a very low specific surface area, and consequently lower CO:

conversion rate.
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Figure 7. Model diagram of CeO: doping amount on Ni-biochar(A), CO2 conversion, deactivation rate
and surface area of catalyst (B). (A) reproduced from [36] with permission of Elsevier.

In another study [40], the same research group compared different concentrations of Ce and Ni
on the wheat straw biochar substrate and revealed that a biochar-based composite with 30% Ce and
20% Ni exhibited optimal carbon dioxide conversion (>90%), and methane selectivity (~100%) at 350
°C and 1.0 Mpa.

Gamal et al. [https://doi.org/10.1016/j.mtsust.2023.100627] have developed an interesting eco-
friendly sugarcane bagasse biochar/nickel sustainable catalyst (Figure 8a) for the thermal catalytic
CO2 methanation (Figure 8b). The biochar-supported Ni catalyst was prepared by pyrolysis of 0.5
mmol Ni-impregnated gram of biomass has exhibited highest COz conversion efficiency (Figure 8c,d)
when tested in the 250-550 °C temperature range. This was ascribed to the good dispersion of ~3 nm-
sized Ni particles on the biochar surface, in sufficient concentration. Further studies have revealed
that highest CHa selectivity (Figure 8c) is observed at 400 °C and 1 bar pressure (44% CO2 conversion;
76% methane selectivity; 34% methane yield). The authors have found the TOF to be highest for
biochar made from 0.5 mmol nickel salt per gram of SCB. The 0.5Ni/SCBB catalyst enabled the
transformation of a large number of molecules, within a short period of reaction time, regardless the
operating working temperature (Figure 8d). Moreover, the Ni/biochar optimized catalyst was found
to be highly stable and could be re-used for the same process. The green and low-cost strategy devised
by the authors could be extended to other reductive catalysts.
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Figure 8. Properties and performances of Ni/SCBB composite catalysts: (a) SEM picture of 0.5Ni/SCBB;
TEM is shown in inset; (b) CO2 methanation experimental setup; (c) CO2 conversion, CHa selectivity
and yield; (d) TOF for Ni/SCBB composites. Reproduced from
https://doi.org/10.1016/j.mtsust.2023.100627 with permission of Elsevier.

4. Challenge and prospects of biochar@catalyst composites in COz2methanation

In recent years, biochar-based composites have been rapidly developed for CO: capture and [41-
43]. The structural characteristics and surface functional groups of biochar supports are crucial for
the effective reduction of CO2 to CH4, and the fabrication and modification of biochar@catalyst
composite materials are also critical. As mentioned earlier, metal-loaded catalysts exhibit broad
practical prospects due to their simple preparation methods, superior catalytic performance, and
good stability. Among them, nickel-based catalyst is extensively applied and researched, owing to
their outstanding COz methanation performance and facilitate recovery, thus holding significant
potential for energy utilization. However, metal nanoparticles tend to aggregate on the surface of
biochar, and the CO2 methanation process requires relatively high temperatures and high pressures.
Thus, in order to better satisfy industrial application requirements, researchers need to conduct
further studies and developments to improve the performance of composite catalysts, enabling large-
scale green energy utilization under mild reaction conditions. Furthermore, encouraging the
production of carbon-containing materials from agricultural waste is a promising approach, which
contributes to the creation of environmentally friendly and nearly cost-free support materials while
reducing the adverse environmental impact of agricultural waste. Therefore, biochar-based
composite materials show the potential and prospects as catalysts for environmental remediation in
the future.

Conclusion

In this review, we firstly presented the fabrication and modification of biochar-immobilized
nanoparticle catalyst composites and focus on the conversion of biomass into valuable products with
thermochemical methods. The activation processes and metal nanoparticle loading are key steps for
the modification of biochar@catalysts composite materials, suggesting improving the
physicochemical properties, such as graphitization, surface functional groups, and active sites. It is
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notable that the pore structure of biochar-supported composites are impacted by the sequence of wet
impregnation and pyrolysis. Secondly, in the application CO2 methanation with biochar@catalyst
composites, the alkaline sites on the material surface are closely linked to CO2 adsorption. However,
whenever the extent of basic sites decreases, a high specific area is required to counterbalance the
loss of basic sites. In this respect, biochar is shown to provide an excellent alternative to traditional
supports such as alumina. Concerning metal loading onto the biochar, although it might induce a
decrease in the surface area, there is an increase in micropore volume thus facilitating easier gas
molecule diffusion. The introduction of metal nanoparticles also contributes to an increase in the
active sites, and bimetallic catalyst nanoparticles effectively mitigate the aggregation of nanoparticles,
achieving higher dispersion on the composite material surface, thereby enhancing CO:2 conversion
rates and CHa selectivity.

These research findings offer reliable insights for the preparation and modification of
biochar@catalyst composite materials, facilitating further optimization of such products to CO2
methanation applications.
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