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Boudouard reaction over biochar
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Abstract

The Boudouard reaction presents promising application prospects as a straightforward and efficient method for CO,
conversion. However, its advancement is hindered primarily by elevated activation energy and a diminished con-
version rate. This study employed a microwave reactor with a variable frequency as the initial approach to catalyze
the CO, Boudouard reaction over biochar, with the primary objective of producing renewable CO. The study system-
atically investigated the influence of various variables, including the heating source, microwave frequency, microwave
power, gas hourly space velocity (GHSV), and carrier gas, on the conversion of CO, and the selectivity towards CO.
The experimental findings indicate that under static conditions, with a fixed microwave frequency set at 2450 MHz
and 100 W microwave power, the Boudouard reaction did not initiate. Conversely, a CO, conversion rate of 8.8%

was achieved when utilizing a microwave frequency of 4225 MHz. Under this unigue frequency, further elevat-

ing the microwave power to 275 W leads to the complete conversion of CO,. Furthermore, a comparative analysis
between microwave and electrical heating revealed that the CO production rate was 37.7 pmol kJ™' for microwave
heating, in stark contrast to the considerably lower rate of 0.2 pmol kJ™' observed for electric heating. Follow-

ing the reaction, the biochar retained its robust 3D skeleton structure and abundant pore configuration. Notably,
the dielectric constant increased by a factor of 1.8 compared to its initial state, rendering it a promising microwave-
absorbing material.

Highlights

- A microwave reactor with a variable frequency was utilized to perform the CO, Boudouard reaction to produce
CO.

- A CO, conversion of 100% could be maintained for more than 100 min at the microwave frequency of 4225 MHz.

+ The CO, conversion of microwave heating was 96.4% higher than that of conventional electric heating.

- Renewable biochar served a dual purpose as both an adsorbent and raw material in this study, with the reacted
biochar demonstrating efficacy as a proficient absorbing material.
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1 Introduction

The escalating consumption of fossil fuels and the conse-
quential release of substantial greenhouse gas emissions
have engendered severe energy crises and exacerbated
global warming issues. With the ongoing development of
the economy and modern industries, there is a continual
expansion of energy demand, concomitant with a notable
increase in greenhouse gas emissions (Yuan et al. 2023).
Carbon dioxide (CO,), a pivotal constituent of green-
house gases, exerts a pronounced impact on the eco-
logical environment (Yuan et al. 2021), precipitating an
elevation in the global average temperature and sea level.
Furthermore, the emissions of greenhouse gases disrupt
the growth environment for animals and plants, leading
to ecological imbalances and presenting a formidable
challenge to species diversity. Consequently, the develop-
ment of technology for the capture, storage, transforma-
tion, and utilization of CO, has become a shared concern
within the contemporary scientific community (Vakalis
et al. 2018).

In contrast, carbon monoxide (CO) serves as an indis-
pensable foundational material in organic synthesis, con-
tributing to the production of diverse organic chemicals,
including methanol, formamide, dimethylformamide,
methyl formatted, and acetic acid (Medrano-Garcia et al.
2019; Luo et al. 2023). The reduction of carbon dioxide
(CO,) to CO represents a transformative approach to

converting greenhouse gases into intermediates for the
synthesis of high-value-added chemicals (Bai et al. 2017).
Strategies for CO, conversion encompass various meth-
odologies, primarily electrochemical, photochemical, and
thermochemical methods (Ishida et al. 2020). Notably,
electrochemical reduction of CO, is acknowledged as a
clean and sustainable technology (Jin et al. 2021). Xuan
et al. (2022) innovatively designed a tertiary amine-func-
tionalized Co(II) porphyrin (2NPorCo) catalyst for elec-
trochemical CO, reduction, achieving a remarkable CO
Faraday efficiency of 96.7%, coupled with a turnover rate
of 5433 h™!. However, the process necessitates a complex
catalytic system, and its energy efficiency is constrained
by the substantial overpotential required for CO, activa-
tion. Additionally, the CO, reduction process is intricate,
involving the transfer of multiple protons and electrons,
resulting in diverse product outcomes. The similarity in
thermodynamic redox potentials among these outcomes
contributes to limited selectivity (Zhao and Quan 2021).
Photocatalytic CO, reduction is an emerging technol-
ogy that utilizes solar energy to convert CO, into high-
value products, possessing the characteristics of being
green and renewable (Guo et al. 2023). It serves the
dual purpose of solar energy fixation and CO, emission
reduction (Zhai et al. 2023). Fu et al. (2023) conducted
a study on a prepared heterostructure catalyst based on
the Z-type bismuth perovskite, exhibiting remarkable
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attributes, including high charge separation and potent
redox capability. This catalyst is aimed at photocatalytic
CO, reduction, achieving an optimal CO yield of up to
98.9 umol g~! h™!. Nevertheless, the efficiency of pho-
tocatalytic CO, reduction remains restricted due to the
limited range of light absorption. Consequently, the cur-
rent efficiency of the photocatalytic reaction is far from
meeting the demands of industrial-scale production
(Wang et al. 2022). Additionally, the practical applica-
tion of this process could also be hindered by challenges
related to the availability and the cost of catalyst materi-
als (Ishida et al. 2020).

On the other hand, the thermal catalytic reduction of
CO, has the unique advantage of high CO, conversion
and multiple target products can be harvested (Chan
et al. 2021). The possibility of CO, reduction through
the reverse water gas shift reaction has been established.
Liu et al. (2021) formulated a catalyst denoted as 1% Ni/
SBA-15(P), recognizing for its high CO, conversion effi-
ciency and robust stability in the reaction. Under a tem-
perature of 700 °C, the CO, conversion reached 33.7%.
Jensen et al. (2021) prepared 10wt%Ni2wt%Pd0.1wt%Ir/
CeZrO, catalysts and used them for the reverse water gas
conversion reaction at high temperatures. The deliber-
ate synergy between the metals and the catalyst support
results in a significant improvement in the efficiency of
CO, hydro-reduction, ultimately reaching a remark-
able 52.4% conversion rate. However, in the above
reaction process, the preparation of the catalyst is com-
plicated and requires the introduction of precious met-
als, and the reaction temperature also needs to be above
700 °C to overcome the thermodynamic limitations of
the reaction. Besides, the reverse water gas conversion
reaction requires the consumption of hydrogen as the
reducing agent, which has a methane-forming side reac-
tion (CO+3H,— CH,+H,0) and is able to hinder the
improvement of CO selectivity.

The Boudouard reaction, as investigated by Huang
et al. (2021), is a prevalent occurrence in the biomass
gasification process. Governed by reaction kinetics and
thermodynamics, the equilibrium shifts toward carbon
monoxide (CO) generation only when the tempera-
ture surpasses 700 °C and the AG (change in Gibbs free
energy) is negative (Chun and Song 2020). Research
suggests that microwave-induced Boudouard reactions
can alter the thermodynamics of the process, resulting
in a reduction in the reaction’s activation energy and a
propensity for CO production (Bermudez et al. 2014;
Dai et al. 2021). Lahijani et al. (2015a, 2015b, 2015c)
employed palm hollow fruit bundle ash as a catalyst to
facilitate the reaction between oil palm shell biochar and
CO,, utilizing microwave energy at 900 °C. The outcomes
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revealed a significant impact of microwaves in lowering
the activation energy, leading to a 36% higher CO, con-
version rate compared to conventional heating methods.
Similarly, Dai et al. (2021) conducted a parallel study and
observed that the CO, conversion rate with microwave
heating exceeded 99% at 900 “C, while traditional heating
achieved a maximum CO, conversion of only about 29%.
Kinetic calculations indicated that the activation energy
required for the microwave-induced reaction was one-
third of that necessary for conventional heating.

In the progression of a microwave reaction, the inter-
play between dielectric properties and microwaves is
intricately connected. Effective absorbing materials
play a pivotal role in minimizing the reflection of inci-
dent waves and enhancing the conversion of microwave
energy into heat energy (Kappe 2004). The majority of
material absorption property parameters are contingent
on the incident microwave frequency, and modifying the
frequency can enhance coupling with carbon materials,
consequently achieving greater energy conversion effi-
ciency (Ku et al. 2012). Balyan et al. (2023) employed a
variable-frequency microwave reactor (5.85-6.65 GHz)
to cleave C,H,, generating hydrogen and carbon nano-
tubes using a Ni-Pd bimetallic catalyst. The synergy
between frequency and the catalyst manifested in a
remarkable 100% conversion rate for C,H, cleavage. In
a similar vein, Hu et al. (2020) explored the synthesis of
ammonia from nitrogen and argon using both a fixed-
frequency microwave reactor (2450 MHz) and a variable-
frequency microwave reactor (5850-6650 MHz). The
variation in frequency significantly influenced the rate
of product formation. Utilizing Ru/Al,O; as the catalyst,
the NH, generation rate reached 0.2 mmol g~* cat h™! at
6650 MHz frequency, contrasting with only 0.05 mmol
g~! cat h! at 2450 MHz frequency under equivalent
conditions.

While significant research has been conducted regard-
ing the microwave-enhanced Boudouard reaction, the
impact of microwave frequency on this process remains
unexplored in the current literature. Addressing this gap,
this study aims to investigate the influence of microwave
frequency on the Boudouard reaction. To achieve this, a
variable frequency microwave reactor covering a range
from 2430 to 6000 MHz was employed. Renewable bio-
char served as both the microwave absorbent and reac-
tant. The examination of microwave frequency’s effect
on the Boudouard reaction was a focal point, leading to
the optimization of related parameters. The investiga-
tion involved a comprehensive range of analyses, includ-
ing N, adsorption, XRD, Raman, FT-IR, XPS, SEM, and
vector network analysis, to characterize the changes in
biochar’s structure and microwave absorption properties
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before and after reaction. Additionally, a comparison was
drawn between the CO, conversion, CO selectivity, and
CO production achieved using microwave and electric
heating reactors. This work introduces a novel approach
to utilizing variable-frequency microwaves to facilitate
kinetically and thermodynamically constrained reactions
externally.

2 Materials and methods

2.1 Materials

The biochar (coconut shell activated carbon) was sourced
from Jiangsu Pushida Environmental Protection Technol-
ogy Co., Ltd. The sample with a particle size of less than
0.4 mm was obtained after grinding and screening and
was dried in an oven at 105 “C until its weight remained
constant. Max Gases Limited provided the CO,,.

The pore structure analysis of the sample was con-
ducted using the ASAP2020M automatic specific sur-
face area and physical adsorption analyzer from Mackey
Instruments, USA. Experimental parameters included N,
adsorption and desorption at 77 K, followed by degassing
at 150 C for 6 h. Fourier infrared spectroscopy (Nico-
let IS5, USA-Themo Field) was employed to analyze the
structure and composition of the samples within a scan-
ning wavenumber range of 400-4000 cm ™' and a reso-
lution of 2 cm™. Additionally, the phase composition of
the samples before and after the reaction was assessed
using X-ray diffraction analysis (XRD, Nikaku Smart-
Lab 9 KW), with a continuous scanning rate of 10°min~!
within the 26 range of 5°-80°. Raman spectra was meas-
ured using Raman spectrometers (Horiba LabRAM HR
Evolution, Japan). X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha) was employed for full
spectrum and narrow spectrum scanning to observe the
elemental composition of the surface coating. Scanning
electron microscopy (SEM, Zeiss Sigma500) and field
emission transmission electron microscopy (TEM, Nip-
pon Electron+JEM2100) were utilized to examine the
microstructure of the samples before and after the reac-
tion. The dielectric properties of biochar were analyzed
using a vector network analyzer (VNA, Agilent PNA
N5234A) with the coaxial method. The paraffin-material
composite ratio was 7:3, and the inner and outer diam-
eters of the sample ring were 7.00 mm and 3.04 mm,
respectively. Gas products were examined using an Agi-
lent 8890 gas chromatograph (Agilent Technologies,
USA) equipped with a thermal conductivity detector
(TCD), a hydrogen flame ionization detector (FID), a
fill column (HayeSep Q), and a capillary column (HP-
AL/M). The initial oven temperature was set at 50 °C and
gradually increased to 120 °C at a rate of 10°min™" over
7 min. The injector temperature was maintained at 200
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°C, while the TCD and FID detector temperatures were
set at 200 °C and 250 °C, respectively.

2.2 Reaction process

The experiment adopted a variable frequency microwave
reaction device (Fig. 1), which mainly included a micro-
wave continuous frequency modulation power supply,
a microwave resonator, an infrared thermometer (200—
1200 C), an infrared thermal imager (450-1800 °C), a gas
collection, and an analysis device. The microwave contin-
uous frequency modulation power supply could continu-
ously adjust the frequency within the range of 2430-6000
MHz with a 1 MHz difference, and the power could be
varied from 0 to 500 W. The cavity took the form of a
cylindrical resonator with dimensions of @ 180*240 mm.
Utilizing the thermal imager, the temperature distribu-
tion of the carbon layer beneath the reaction tube was
directly observed through the germanium window. This
approach enabled a direct assessment of the uniformity
of the temperature distribution across the carbon layer
during microwave irradiation.

The experiment involved packing a quartz tube, 8 mm
in inner diameter, with quartz cotton. Following this, 1 g
of biochar was meticulously placed into the quartz tube
and secured using additional quartz cotton. The quartz
tube was linked to the microwave reaction system, and
N, or Ar was passed into the reactor to sustain an inert
atmosphere. The temperature variations of the reaction
bed were continuously monitored in real-time by the
infrared thermometer and thermal imager. Post-reaction,
the gas was collected in gas sampling bags for subsequent
offline analysis using gas chromatography.

The electric-heated fixed bed reactor (FB) was operated
under identical reaction conditions. The fixed-bed tube
furnace was gradually heated, maintaining a steady heat-
ing rate of 10°min~"! until the predetermined temperature
was achieved. The entire system underwent thorough
purging with quantitative N,, and the device’s air tight-
ness was verified. The product gas was collected using
an aluminum foil collection bag and subsequently intro-
duced into the gas chromatography for qualitative and
quantitative analyses.

2.3 Data evaluation
The CO, conversion is calculated based on the volume
fraction of the exported product (Menéndez et al. 2007).

0.5Xco

1CO; = X¢o,+05Xc0 < 100%, (1)

where 7¢o, is CO, conversion rate, %; Xco, Xco are the
volume fractions of CO, and CO in the outlet gas which
were measured as a percentage (%).



Ren et al. Biochar (2024) 6:20 Page 5 of 15
JJ \ Infrared thermal imager
Reactor ?
Mass flow —_—
LY —
controller ' Microwave =r
¥ " ) source
o]
u g~ Q
0-500W Q i GC
co: Ar: o O W
2430-6000 © 000
MHz o

Gas collection device

Fig. 1 Schematic of variable frequency microwave assisted fixed-bed reactor

The selectivity of CO is calculated by the following
formula.

Xco

m X 100%,

Sco = )

where Xp,, X co is the volume fractions of H, and CO in

the outlet gas which were measured as a percentage (%).
The CO production Ecg is the amount of CO (in pmol)

that can be produced per k] of energy.

veo, XhxScox nCOZ
energy input

ECO = X 100%, (3)
where 1co, is CO, conversion rate, %; vco, is CO, flow,

ml min}; Sco is CO selectivity, %; & is reaction time, min.

3 Results and discussion
3.1 The influence of microwave frequency on CO,
conversion

The conversion of microwave energy into heat hinges
on the dielectric properties of the absorbing material, a
factor profoundly impacted by the microwave frequency
(Thostenson and Chou 1999). To investigate the influ-
ence of microwave frequency on the Boudouard reaction,
a variable-frequency microwave reactor was employed,
with operating frequencies set at 2450, 2750, 2760, 4225,
4405, and 5225 MHz, while maintaining a constant
microwave power of 100 W.

As depicted in Fig. 2a, discernible variations in CO,
conversion are evident across different microwave input
frequencies. Under the conventional microwave fre-
quency of 2450 MHz, where the temperature of the

carbon layer was 323°C, the Boudouard reaction failed
to occur. Maintaining a constant power level, the trend
in CO, conversion demonstrated an initial increase fol-
lowed by a subsequent decrease as the frequency rose
from 2450 to 5525 MHz. Notably, at the frequency of
4225 MHz, the CO, conversion reached its zenith, regis-
tering at 8.8%. The CO, conversion rates at frequencies of
2750, 2760, 4405, and 5225 MHz were 4.5%, 5.6%, 4.3%,
and 3.9%, respectively. The impact of frequency varia-
tions on CO selectivity was relatively modest, fluctuat-
ing between 94.3% and 100%. It is noteworthy that at the
frequency of 4225 MHz, the CO selectivity reached its
maximum value of 100%.

The adjustment in frequency induced changes in the
electromagnetic field, consequently influencing the tem-
perature distribution within the system. The temperature
elevation curves for various frequencies are illustrated
in Fig. 2b. As expected, the temperature transitioned
from 537.7 °C to 570.4 °C as the microwave frequency
increased from 2760 to 4225 MHz. At a microwave fre-
quency of 5225 MHz, suboptimal heating was observed,
peaking at 454.7 °C, with a heating rate of 0.9 C min~". In
contrast, the heating rates for 2760 MHz and 4225 MHz
were 17.5 °C min™! and 24.1 'C min~}, respectively. This
observation underscores that at 4225 MHz, the biochar
exhibited enhanced microwave coupling, enabling effi-
cient conversion of microwave energy into heat energy
and thereby fortifying the reaction.

The gas yield per unit of energy is a key parameter for
achieving efficient energy conversion. Maximizing prod-
uct yield per unit of energy through optimizing reaction
conditions is crucial for reducing economic costs and



Ren et al. Biochar (2024) 6:20

—_
QD
~

10
F 1 CO3 conversion rate 120
" @ CO selectivity i
< 8t s ¢+ K * —
L | g0 &
s - -
2 6} 2
2 - 2
2 [ g
S 4r {40 @
Q (7]
~ L
o) | o
O 2} ©
o 40
0L 1 1 1 1 1

2450 2750 2760 4225 4405
Frequency (MHz)

2450 2750 2760 4225 4405 5225

5225

(c

~
=
H

12 +

CO productivity (Mmol kJ?)
[<)]

N
T

Frequency (MHz)

Page 6 of 15

(b) 600
——— 4225 MHz 2760 MHz
[ —— 5525 MHz
_ 570}
©)
o 540
=
e
@
L 510
Q.
5
s 480
450
0 100 200 300 400 500
Time (s)
) 159
-0\./._._._._._.,.—.—.—0\.‘.,.—.\ .,.—._. " 100
;\?100 = _o_o,o—o—o\o/o—o—o b -
c | {80 &
o
‘s 80 ——CO, conversion 1 4;3'
m B -
2 —— CO selectivity = B
o 7 K}
o - 7]
~ F I
S 20} 120 9
0 3 1 3 [ 3 [ 3 1 3 1 o
0 20 40 60 80 100
Time (min)

Fig. 2 aThe CO, conversion and CO selectivity at different microwave frequencies (100 W, 5 min). b Temperature curves for 500 s at different
frequencies. ¢ The CO production at different frequencies (100 W, per kJ energy). d CO, conversion and CO selectivity with the reaction time

of 100min (275 W, 796 °C)

decreasing reliance on energy resources. To investigate
the relationship between energy consumption and CO
yield at different frequencies, we analyzed the pmol of
CO produced per kilojoule of energy at various micro-
wave frequencies, introducing the Eqy to describe this
metric, as detailed in Fig. 2c. The results indicate that,
as the frequency increased from 2450 to 5225 MHz, E,
exhibited an initial increase followed by a subsequent
decrease. At the frequency of 4225 MHz, E, reached its
maximum, producing 13.1 umol of CO per k] of energy
consumed. However, as the frequency increased to 5225
MHz, the amount of CO produced per k] of energy con-
sumed decreased to 5.6 pmol. This further highlights
the unique advantage of the 4225 MHz frequency in
achieving low energy consumption and high-efficiency
conversion.

A carbon stability evaluation was conducted, and the
results are presented in Fig. 2d. With an increase in reac-
tion time, the CO, conversion remained consistently

close to the initial conversion of 100%, exhibiting minor
fluctuations. The main gas component was CO, with an
initial selectivity of 100%. As trace volatiles were ana-
lyzed out of the biochar, the selectivity fluctuated slightly
but consistently remained above 97.0%. Approximately
3.0% of H, was attributed to the pyrolysis of the carbon
material itself. The involvement of biochar in the reac-
tion, acting as an absorber, imparts a certain influence
on microwave absorption during the progression of the
reaction.

The Boudouard reaction process, illustrated in Fig. 3,
commences by transferring oxygen to the surface, oxi-
dizing one of the active sites, and releasing CO. The elec-
tric field vector generated by the incoming microwave
induces the formation of momentary electron—hole pairs,
recognized as the anions and cations during the chemi-
cal reaction. These pairs likely favor carbon and oxygen
in CO,, enhancing the oxidation process at the active
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4225 MHz

Fig. 3 Underlying mechanism responsible for the distinct influence of microwave frequency on Boudouard reaction

site. Following oxidation, polar functional groups on the
carbon surface couple with the microwave through the
Debye relaxation process, selectively heating the polar
sites of carbon and expediting the desorption of CO from
the carbon surface (Hunt et al. 2013). According to Sut-
tisawat et al. (2012), microwaves confer an advantage in
enhancing the separation between products and catalyst
surfaces, thereby improving reaction efficiency.

Moreover, distinct microwave absorption capacities
of the catalyst and reactants create notable temperature
gradients between them, contributing to enhanced reac-
tion rates (Horikoshi et al. 2014). Activated carbon, as
a porous matrix, forms a heterogeneous phase reaction
system with the reaction gas. The difference in micro-
wave absorption efficiency leads to varying temperature
distributions during microwave irradiation, becoming
the driving force for molecular desorption and mass
transfer from the surface of activated carbon (Horikoshi
and Serpone 2014).

The presence of hotspots, amplifying chemical reac-
tions, was discovered by Tsukahara et al. (2010). Horiko-
shi et al. (2013) suggested that using microwaves at 5.8
GHz, rather than 2.45 GHz, positively impacted reactions

in a microwave-assisted system. Microwave-induced
effects, such as enhanced reaction rates, increased yields,
and directed reaction selectivity, can be attributed to the
distinct heating patterns generated by the interaction of
oscillating electric and magnetic fields with substances
in the reaction system (Tsukahara et al. 2010). Altering
the incident microwave frequency leads to changes in
the electromagnetic field, significantly affecting the mass
transfer process and the occurrence of "hot spots," ulti-
mately influencing the chemical reaction.

In this study, the highest CO, conversion observed at
4225 MHz can be attributed to several factors. Firstly,
efficient coupling between the electromagnetic field
distribution and biochar at this specific microwave fre-
quency resulted in a high biochar temperature and rapid
heating rate, facilitating the highly endothermic Boud-
ouard reaction toward CO generation. Secondly, at this
frequency, the distribution of the microwave’s electro-
magnetic field promoted the cleavage of chemical bonds
within CO, and enhanced the exposure of active sites on
the biochar surface. Consequently, both the CO, conver-
sion rate and CO production were significantly increased.
Thirdly, microwave frequency had a considerable impact
on the occurrence of "hot spots" within the microwave
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field, a phenomenon known to intensify the chemical
reaction.

3.2 Characterization of biochar

3.2.1 Morphological structure of biochar

The pore structure analysis of biochar before and after
the reaction (at 4225 MHz, 275 W, 100 min) was con-
ducted using N, adsorption—desorption isotherms. It
was observed that both adsorption isotherms (Fig. 4a)
followed a typical type I isotherm pattern (Blédker et al.
2019). At low relative pressures, the gas rapidly filled
the microporous region, causing the adsorption curve
to increase exponentially. The hysteresis phenomenon
indicated that there were mesoporous in addition to
micropores in biochar (Yuan et al. 2020). Before the reac-
tion, the biochar exhibited a specific surface area (Sgr)
of 858 m? g~'(Additional file 1: Table S1), with an aver-
age pore size of 19.5 A. The Sy of the micropores con-
tributed to 825 m?* g~'. After the reaction, the Sgpr of

the biochar decreased to 622 m? g™, while the average
pore size increased to 21.3 A. The main pore size distri-
bution of fresh biochar (Fig. 4b) was around 5.2 A, and
the pore size of the biochar after the reaction was mainly
around 4.9 A, both of which were mainly composed of
micropores. Micropores would act as the dihedral angle
of microwave reflection, and the microwave was reflected
between the dihedral angles, extending its propagation
path in the absorbing medium, and resulting in the loss
of electromagnetic energy (Wu et al. 2018). Furthermore,
the porous structure provided more active sites for chem-
ical reactions and increased gas diffusion channels, con-
sequently enhancing the overall reaction rate (Lahijani
etal. 2015a, b, ¢; Zhang et al. 2019; Ahmad et al. 2020).
The XRD results of biochar are shown in Fig. 4c. The
biochar before and after the reaction had two diffrac-
tion peaks near 24.7° and 43.2° on the graphitic carbon
(002) and (100) crystal planes, indicating that the biochar
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before and after the reaction existed in the form of amor-
phous carbon. Compared with the peak of fresh biochar,
the diffraction peak height of the sample after reaction
was reduced, and the slit width was increased, indicating
that the degree of graphitization of biochar after reac-
tion was reduced. The Raman shift map also illustrated
this change (Fig. 4d). Both pre-reaction and post-reaction
biochar exhibited a D peak at 1350 cm™! and a G peak at
1580 cm™! in their Raman spectra. After the reaction, the
biochar tended towards disorder, as evidenced by the I,/
I; values of 0.88 and 1.02 before and after the reaction,
respectively.

The dielectric properties of a material are also influ-
enced by the presence of functional groups. We utilized
a Fourier infrared spectrometer to analyze the material. It
was observed that the characteristic infrared absorption
peaks of the initial biochar were primarily at 3435.45,
2918.88, 1621.58 and 1098.01 cm™" (Fig. 4e), respectively,
while the peaks of the biochar after the reaction shifted
from 1621.58 cm ™! to 1581.83 cm™.. The peak at 3435.45
cm™! mainly corresponds to hydroxyl group stretch-
ing vibrations. Peak at 2918.88 cm™ is the absorption
peak of C-H bonds. Peaks at 1581.83 and 1621.58 cm™!
are generally associated with C=0O and C=C stretch-
ing vibrations. Peak at 1098.01 cm™' usually includes
the absorption peaks of C-O, phenol-based C—-OH, and
C-C bonds (Marco and Kleber 2010). The defect position
and unsaturated bonds on the material’s surface can be
considered dipoles, and the coupling of microwaves and
dipoles enhances the material’s capacity for microwave
loss and absorption (Wang et al. 2008; Ma et al. 2016a, b).

X-ray photoelectron spectroscopy (XPS) was
employed to investigate the chemical composition of the

Fig. 5 SEM image of the biochar (a-c) before and d-f after the reaction
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biochar. The XPS survey spectra are illustrated in Fig. 4f—
i. According to XPS calculations, the C and O were calcu-
lated to be 90.9% and 7.3% of fresh biochar, while the C
and O contents of biochar after the reaction were 92.6%
and 6.2%, respectively. The high-resolution Cls spec-
tra displayed in Fig. 3h revealed distinct peaks of C-C
(284.8 V), C-0O (281.6 eV), and C=0 (288.8 V) present
in both the pre-reaction and post-reaction biochar. Illus-
trated by the high-resolution O1s spectra in Fig. 3i, both
pre-reaction and post-reaction biochar showcased peaks
corresponding to C=0 (531.7 eV) and C-OH (533.1
eV). Nevertheless, in comparison to the post-reaction
biochar, the C=0 peak was less prominent in the pre-
reaction biochar, while the content of C—-OH was more
pronounced.

The SEM images were used to observe the appearance
of biochar (Fig. 5). It can be clearly seen that the biochar
before and after the reaction had a honeycomb 3D skel-
eton structure, developed pores, and irregular pores are
densely arranged. Holes and the air layer inside holes
are considered wave-absorbing "composite materials"
because of their different dielectric properties. The car-
bon medium with a porous structure will form a rich
carbon-air interface inside. When the incident electro-
magnetic wave reaches the gas—solid phase interface, a
large amount of charge will accumulate at the interface,
causing strong space charge polarization, which is one of
the paths of electromagnetic wave attenuation, and inter-
face polarization (Ma et al. 20164, b).

3.2.2 Microwave absorption properties
The heating rate and temperature distribution of mate-
rials under microwave irradiation depend on their
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dielectric properties, which can be influenced by fac-
tors such as material type, preparation process, and
microwave frequency (Garcia-Banos et al. 2019). Bio-
char underwent characterization using a vector network
analyzer, revealing changes in its dielectric properties in
response to fluctuations in microwave frequency.

As illustrated in Fig. 6a, b, the dielectric constant of
biochar exhibited a decline with increasing microwave
frequency. Notably, the amplitude of the decrease was
more pronounced within the range of 2-5 GHz. When
the frequency was 5 GHz, the ¢’ of fresh biochar was 13.1
and the &” was 5.5. The ¢ and ¢” of biochar after reac-
tion were 16.7 and 12.2, respectively. The permittivity
of the biochar after the reaction was higher than that of
the fresh biochar. The permittivity of fresh biochar var-
ied from 10.6 to 16.4 in the real part and from 3.0 to 8.8
in the imaginary part, while that of the biochar after the
reaction varied from 11.7 to 22.3 in the real part and from
5.8 to 21.6 in the imaginary part, which proved that the
biochar after the reaction had better microwave absorp-
tion capacity. The biochar after the reaction had advan-
tages in charge storage and dissipation.

The dielectric losses of both the biochar before and
after the reaction exhibit a gradual decrease as the fre-
quency increases, with the maximum dielectric tangent
values (tande) peaking around 2 GHz. For the biochar
before the reaction and the biochar after the reaction,
these values were 0.5 and 1.0, respectively (Fig. 6¢c). As
the microwave frequency increased from 2 to 6 GHz, the
tande values of the biochar before and after the reaction
gradually decreased to 0.4 and 0.7, respectively. Within
the frequency ranged of 6 to 12 GHz and 12 to 18 GHz,
the tande values of the biochar before and after the reac-
tion first increased and then decreased. The tande value
of the biochar before the reaction remained below 0.4,
while the tande value of the biochar after the reaction
remained below 0.7. An elevated dielectric loss tangent
value indicates a greater dielectric loss capacity. How-
ever, such an elevated value may result in inadequate

impedance matching, leading to multiple microwaves
being reflected from the sample surface. Consequently,
this scenario can lead to insufficient microwave absorp-
tion (Jia et al. 2018). Post-reaction biochar exhibits an
enhanced dielectric loss capacity, making it an efficient
microwave absorber.

3.3 Optimization study

3.3.1 Theinfluence of heating method

To investigate the impact of different heating methods on
the reaction and elucidate the underlying mechanism of
microwave heating, the Boudouard reaction was carried
out in two types of reactors: a microwave reactor (MW)
and an electrically heated fixed bed reactor (FB). By
adjusting the microwave frequency and power, the tem-
perature within the MW was regulated while maintaining
temperature consistency between the two reactors. The
volume space velocity of CO, was set at 239 h™!, and the
reaction time was 5 min.

The CO, conversion under the two heating methods
is shown in Fig. 7a. During the whole period of heating,
the CO, conversion of MW was always higher than that
of the FB, and such difference greatly increased as the
temperature of reaction rose. Given the reaction’s nota-
bly endothermic nature, CO, conversion remained below
50% when the temperature remained below 700 “C. Upon
reaching 796 °C, the conversion rate under electric heat-
ing was 3.6%, while microwave heating achieved a 100%
conversion rate, signifying an increase of 96.4%. Different
from the obvious increase in CO, conversion, the differ-
ence in CO selectivity between the two heating methods
was not obvious (Fig. 7b). In the electric heating reac-
tor, the selectivity of CO was maintained at 100%, and
the selectivity of CO decreased to 90.7% when the tem-
perature reached 796 ‘C. Conversely, in the microwave
reactor, CO selectivity exhibited a slight reduction as
temperature increased, and the CO selectivity was 100%
at 796 C.
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In addition, we also evaluated the E-, of two heat-
ing methods, and across the entire temperature range,
microwave reactions exhibited superior energy effi-
ciency compared to electric heating. The CO produc-
tion per k] energy (E.) of the two heating methods was
shown in Fig. 7c. At 457 °C, the E, of electric heating
was 0.03 pmol kJ~L, while that of the microwave was 6.37
umol kJ~!. This phenomenon persisted as the tempera-
ture increased. When the temperature approached 600
°C, the microwave-induced CO production remained
~ 218 times higher compared to electric heating. With
the increase in reaction temperature, both CO, conver-
sion and CO production significantly rose, indicating a
substantial reduction in energy consumption due to the
increased conversion rate.

In the traditional electric heating process, energy is
conveyed to the substance via mechanisms like con-
vection, conduction, and thermal radiation, driven by
temperature gradients. In contrast, microwave energy
directly interacts with molecules and electromagnetic
fields within the material, leading to the conversion of
electromagnetic energy into heat energy (Lam et al
2012). According to research (Hunt et al. 2013), the
apparent enthalpy of reactions induced by microwaves
was notably lower in comparison to electrothermal reac-
tions, as assessed through the standard heat of formation.
The change was caused by microwaves injecting extra
energy into the carbon. Microwaves interacted with car-
bon not only as a source of selective heating but also as
an energetics of a different rate-determining process at
the carbon surface. The enhancement of the microwave
reaction to Boudouard stemmed from a distinct unique
space-charge polarization mechanism between the
microwave and the carbon material.

3.3.2 The influence of microwave power
The Boudouard reaction exhibits a strongly endothermic
nature, and although microwave radiation can reduce

the reaction temperature to some extent, high tempera-
tures are still required to maintain a high CO, conver-
sion. With the microwave transmission frequency kept at
4225 MHz, we further increased the power to explore its
effect on the CO, conversion which is shown in Fig. 8a.
As the power input escalated, both temperature and CO,
conversion exhibited an upward trajectory. At 100 W
power, the CO, conversion rate was 8.8%. Upon elevating
the power to 250 W, the conversion rate surged to 87.8%.
Further increasing the power resulted in a relatively sta-
ble conversion rate. The highest conversion rate of 100%
was achieved at 275 W, with a corresponding tempera-
ture of 796 ‘C. The temperature rise curves of 100 W and
275 W are shown in Fig. 8b. The increase of power not
only substantially raised the average temperature within
the reaction bed but also greatly increased the temper-
ature rise rate. The temperature rise rate of 100 W was
34.7 °C min~?, while it was 107.4 C min~! at the power of
275 W. The influence of power on CO selectivity is rela-
tively minimal, manifesting only a slight decrease with
increasing power, but the decreasing trend is not signifi-
cant. At a power of 275 W, CO selectivity reached 100%.

3.3.3 Theinfluence of carrier gas

The effects of different carrier gases (N,/Ar) on the Bou-
douard reaction within the variable frequency microwave
reactor were investigated, and the findings are illustrated
in Fig. 8c. The CO, conversion was different with differ-
ent carrier gases. Introducing N, and Ar elevated the CO,
conversion rate by 22.2% and 25.9%, respectively. Recent
studies (Snoeckx et al. 2013; Tiwari et al. 2019) have
revealed that selective heating of the interface between
the catalyst’s active site and the reaction intermediate by
microwaves lead to the activation of stable molecules,
such as N, and CH,, by coupling microwave radiation in
the solid with dipoles through a relaxation process, thus
increasing the reaction rate and conversion. Lahijani
et al. (20154, b, c) observed that during the carbon-CO,
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reaction, the mixture of multiple gases altered the partial
pressure of CO,. Pressure, acting as a driving force for
gas-phase reactions, influenced the diffusion rate of reac-
tants into carbon pores and the reaction rate of the pore-
diffusion-controlled reaction system. These variations led
to differences in the product’s CO concentration. There-
fore, filling the microwave reactor with an appropriate
inert gas favored the progression of the Boudouard reac-
tion, although it did not significantly affect gas selectivity,
with the selectivity of CO remaining stable at 99%.

It has been discovered that microwave exposure to cer-
tain semiconductor materials or carbon-based materials
can induce microwave discharge, leading to the forma-
tion of microwave plasma. Menendez et al. (2011) pro-
vided image evidence for the formation of plasma when
carbon was subjected to microwave heating. Two types
of plasma were observed within the temperature range of
400 °C and 400-700 C, respectively. They found that the
temperature in the plasma region increased more rap-
idly compared to the surrounding areas. Upon exposure

to heat, external electric fields, or radiation, gas atoms
or molecules undergo excitation and ionization. Subse-
quently, the resultant high-energy free electrons collide
with these atoms or molecules, expediting the fragmenta-
tion of chemical bonds. This phenomenon facilitates the
occurrence of chemical reactions, leading to increased
ease of reaction initiation, reduced energy consumption,
and heightened selectivity (Sun et al. 2016). Specific elec-
trode structures are more prone to breakdown in media
with low dielectric strength (Sun et al. 2016). Ar has a
dielectric strength of 0.2 MV m™, while N, has a dielec-
tric strength of 0.9 MV m™. Chen et al. (2012) found that
the discharge frequency of Cu and SiC particles under
microwave irradiation was lower in an N, atmosphere
compared to an Ar atmosphere. Therefore, incorporating
a certain proportion of Ar is crucial for promoting the
microwave heating process and chemical reactions.
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3.3.4 Theinfluence of GHSV

The gas hourly space velocity (GHSV) is commonly
considered one of the key parameters in gas—solid reac-
tions, indicating the duration the gas spends within the
catalytic system. This extended contact time between
the gas and the catalyst promotes a more comprehensive
progression of the reaction. In the variable frequency
microwave reactor, Ar was employed as the carrier gas
to examine the influence of GHSV on the Boudouard
reaction. Figure 8d displays the CO selectivity and CO,
conversion rate. An increase in GHSV lead to a reduc-
tion in the conversion rate, which decreased sharply from
56.3% to 26.8% as the space velocity rose from 239 h™*
to 955 h™L. Upon further elevation to 1433 h~!, the con-
version rate dropped to 20.3%, with the decreasing trend
slowing down. Excessively high gas flow rates signifi-
cantly increased heat dissipation, lowering the tempera-
ture of the carbon layer, and shortening the gas residence
time, thereby decreasing the conversion rate. Product
selectivity was less impacted by the air velocity, with the
selectivity of CO consistently maintained around 98.9%.

4 Conclusion

This study delved into the impact of microwave frequency
on the Boudouard reaction using a variable-frequency
microwave reactor. The aim was to discover a method
for achieving efficient and low-energy CO, conversion.
We compared the distinct advantages of microwave heat-
ing. Under temperature conditions of 796 ‘C, microwave
heating enhanced CO, conversion by 96.4% compared to
electric heating, with a corresponding increase of 37.5
umol kJ~! in CO production. At a low power of 100,
there was no reaction under the conventional micro-
wave frequency of 2450 MHz, in contrast, we achieved
CO, conversion at a specific frequency of 4225 MHz,
with a conversion rate of 8.8%. Under optimized reaction
conditions, specifically, a frequency of 4225 MHz and a
power of 275 W, CO, conversion reached 100%, sus-
tained for over 100 min. The study further explored the
structural and performance changes in fresh and reacted
biochar. After the reaction, both the real and imaginary
components of the dielectric constant of the reacted bio-
char increased, accompanied by a significant rise in the
tangent of the dielectric loss angle. These findings indi-
cate that reacted biochar possesses enhanced capacity
for charge storage and consumption, with an amplified
potential to convert microwave energy into thermal
energy after the reaction. In summary, precise control of
microwave frequency holds significant importance for
achieving efficient and low-energy reaction processes.
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