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KEYWORDS Abstract The valuable pyrolysis products are prepared by pyrolysis of aspen wood using micro-
Aspen wood; wave heating at different pyrolysis temperature. High pyrolysis temperature restrains the produc-
Microwave heating; tion of the biochar, and contributes to the generation of the bio-gas. However, pyrolysis
Pyrolysis product; temperature has little influenced on the yield of bio-oil. Bio-oil mainly has the phenols, hydrocar-
Rhodamine B; bons, ketones, aldehydes and furans compound. The phenols compound of bio-oil generated from
Energy storage 500 °C is 54%. Pyrolysis temperature influences the composition and heating value of bio-gas, and

the heating value of bio-gas produced at 700 °C is 13.41 MJ/Nm®. Biochar could be used to adsorb
Ag™ from wastewater, which generates value-added A/char after adsorption. Ag™ adsorption and
reduction process are systematically evaluated and analyzed. The generated Ag/char is employed as
the catalyst for rhodamine B degradation. Besides, Ag/char has promising application potential in
energy storage.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

How to reduce the greenhouse gas emissions generation from fossil
fuels such as coal and oil consumption is the major challenge of the
world. The reduction the greenhouse gas emissions can avoid causing
a series of ecological and environmental problems (Yang et al., 2021;
Qin et al., 2023a). However, the industry production such as power
and chemical products needs the fossil fuels, which can provide the
chemical raw material and energy (Al-Enizi et al., 2020). Therefore,
it is urgent to search for the non-fossil fuels to meet the requirement
of the industry production and avoid the environmental pollution. Bio-

£ 8 mass has advantages of lost cost, easily available and carbon neutral-
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industry production (Cherubini and Ulgiati, 2010). In addition, bio-
mass can be employed as the feedstock to produce sustainable fuels,
and chemicals (Ubaidullah et al., 2021). Pyrolysis is one of the promis-
ing biomass conversion method; which can be used to prepared the
fuels and chemical products (Al-Enizi et al., 2020). What’s more;
pyrolysis is more favorable for large-scale applications (Foong et al.,
2020).

Microwave heat is the promising heating method, which has bene-
fits of selective and non-contact heating, and energy saving (Tang
et al., 2020; Cao et al., 2020). Microwave heat can be employed in bio-
mass pyrolysis due to fact that it can process a variety of biomass
(Chen et al., 2016). Microwave heat is conductive to production of
high-quality liquid and gas fuel in the biomass pyrolysis process (Qin
et al., 2023b). Besides, biomass with high moisture can contribute to
improving its microwave adsorption capacity, which realizes the rapid
heating of biomass during pyrolysis process (Cheng et al., 2017; Cheng
et al., 2021). Microwave heat is proved at both pilot scale and indus-
trial scale for processing various biomass (Abdelsayed et al., 2018).
Hot spots are generated in the microwave heat process. The yield
and qualities of the products are significantly influenced by hot spots
during pyrolysis process (Zhang et al., 2017). The empty oil palm
can produce bio-oil with 74% of phenolic compounds by pyrolysis
using microwave heat (Prashanth et al., 2020). Gautam et al. (2019)
pointed out that bio-oil produced from macroalgae has little oxygen
containing compound when microwave heat processes the macroalgae
(Gautam et al., 2019). Parvez et al. (2019) reported that microwave
heat produces a lot of H, which is 15% more than conventional heat
(Parvez et al., 2019). So; microwave heat has promising application
potential in biomass pyrolysis.

The physicochemical properties and yield of the pyrolysis products
are significantly influenced by the pyrolysis conditions such as pyroly-
sis temperature, pyrolysis time and particle size of feedstock (Yek
et al., 2021). Pyrolysis temperature is an important pyrolysis index
among pyrolysis parameters (Yek et al., 2021). The large yield of the
bio-char is produced at low pyrolysis temperature (<400 °C). Moder-
ate pyrolysis temperature (400-600 °C) is beneficial for the production
of bio-oil (Wang et al., 2022; Nishu and Liu, 2022). Besides, desire
pyrolysis temperature produces large energy—density of bio-oil and
bio-gas, which could be used as the bioenergy (Aysu and Durak, 2015).

Aspen wood, called as the poplar, is acted as feedstock to prepare
valuable products by microwave —assisted pyrolysis. Ag* is one of the
harmful metal ions, which must be removed form wastewater. Biochar
is an important pyrolysis product, which can be used in the wastewater
treatment and energy storage (Table S1). Physicochemical property
and yield of the pyrolysis products at 400-800 °C are investigated,
and then the prepared biochar is used for Ag™ removal. However,
the biochar forms the Ag@Biochar (A/char) after Ag" adsorption.
A/char can be used in rhodamine B degradation from wastewater
and energy storage. The main tasks of this work are: (1) to investigate
the physicochemical property and yield of the pyrolysis products at
400-800 °C; (2) to investigate the formation process of the A/char;
(3) to analyze rhodamine B removal and energy storage potential using
A/char.

2. Experimental and method

2.1. Materials

Aspen wood (AW) is collected from Jiangsu province, China.
Rhodamine B and silver nitrate and are purchased from the
Sinopharm Chemical Reagent Co. Ltd., China. Moisture,
ash, volatile matter and fixed carbon of AW are 10.37 wt%,
1.42 wt%, 74.30 wt% and 13.91 wt%, respectively. The C,
H, N and O element of the AW are 42.14 %, 6.21%, 10.86
% and 50.79 %, respectively. The biochemical composition

of AW is cellulose of 39.00%, hemicellulose of 36.40%, lignin
of 19.30 % and other of 5.30%.

2.2. Pyrolysis method

Multimode microwave furnace is employed in pyrolysis exper-
iment system with the output power of 0—3 KW and the micro-
wave frequency of 2.45 GHz. Pyrolysis temperature is 400—
800 °C with the pyrolysis time of 30 min in the pyrolysis exper-
iment process. Pyrolysis gas is taken out using nitrogen. The
glass condensers are used to condense to obtain bio-oil and
bio-gas. The liquid is bio-oil, which is collected from glass con-
densers. Bio-gas is non-condensing components of pyrolysis
gas. The bio-gas is pre-dry using the drying tube before analy-
sis. Biochar is pyrolysis residue of the biomass in microwave
furnace.

2.3. Characterization

Gas chromatography (GC-Tracel310) is used to analyze the
bio-gas. GC-MS is employed to detect the chemical composi-
tion of bio-oil. Pore structure of biochar is analyzed using
Autosorb instrument (Hou et al., 2022). Scanning electronmi-
croscopy is employed to analyze the surface microstructures.
Ramascope spectroscopy is used to analyze the biochar. X-
ray diffraction (XRD) analysis is used to test biochar (Cheng
et al., 2023). X-ray photoelectron spectroscopy (XPS) is
employed to detect the surface chemical properties of biochar.
The chemical property of biochar is detected by the Fourier
transform infrared spectroscopy.

3. Results and discussions

3.1. Heating curves of AW

The AW heating curves at 1000-2000 W are shown in Fig. la.
As Fig. la shown, the heating curves of AW at 100-2000 W
have similar trend. However, it has different heating rates.
The AW heating rate of 1000 W is low compared to that of
the 1500 W and 2000 W. It can be explained that it produces
little microwave energy at 1000 W. Therefore, it need long time
to obtain the microwave energy to reach 800 °C. Fig. la indi-
cates that heating time of AW is 16 min to reach 800 °C at
1000 W. However, AW takes 7 min to reach 800 °C at
2000 W. It can obtain the conclusion that large microwave
power contributes to AW heating and reduces heating time.
The heating curve of AW at 1500 W is used to analyze the
heating process of the AW. As Fig. 1a shown, AW has slowly
heating rate before 200 °C due to fact that AW has poor dielec-
tric property. The hemicellulose and cellulose of AW slowly
decompose and the preliminary biochar skeleton is subse-
quently formed as heating time increases. The hemicellulose
and cellulose of the AW are rapidly decomposed or depoly-
merized, which produces low molecular weight volatiles.
Besides, lignin begins to decompose after 400 °C. Biochar is
generally formed as pyrolysis temperature increases, which
has good dielectric properties. Therefore, the heating rate of
AW rapidly increases in later heating period. AW has large
heating rate at 1500 W. So, pyrolysis experiment is conducted
in 1500 W. Fig. 1b shows the dielectric property of AW. The
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Fig. 1  The dielectric property (a) and heating curves (b) of AW.
Table 1 Compositions of bio-oil at 400-800°C.
Item Components 400 °C 500 °C 600 °C 700 °C 800 °C
Relative content (%)
1 Cyclohexan-1,4,5-triol-3-one-1-carboxylic acid 0.56 0.75 0.83 1.00 0.34
2 Dihydroxyacetone - 0.43 0.28 0.83 -
3 2-Methoxytetrahydrofuran 3.07 3.64 3.96 3.7 1.01
4 Cyclobutene, 2-propenylidene- 0.91 0.74 0.63 1.84 2.25
5 Ethane, 1,1,1-trimethoxy- - - - 5.02 3.99
6 Butanoic acid 0.21 1.57 0.84 0.51 0.96
7 Cyclopentanone 2.83 1.42 0.51 - -
8 2-Propanone, 1,1-dimethoxy- - 0.34 0.5 22 5.46
9 Ethane, 1,1,2-trimethoxy- - - 2.25 3.43 -
10 Furfural 9.47 8.28 5.25 2.97 8.46
11 (Z)-3-Pentenoic acid, methyl ester - - - 1.09 1.54
12 1,1,3-Trimethoxy propane 1.55 - - - -
13 Ethylbenzene 2.76 3.79 2.29 - -
14 p-Xylene 5.18 5.80 4.36 0.46 15.68
15 Furan, tetrahydro-2,5-dimethoxy- 14.55 11.85 17.03 10.07 5.95
16 Benzene, 1,3-dimethyl 2.08 2.58 1.95 15.22 7.51
17 1-(Furan-2-yl)-4-methylpentan-1-one 0.72 - - - -
18 F3(2H)-Furanone, dihydro-5-isopropyl- - - - 0.41 0.64
19 6-Hydroxy-2,6-dihydropyran-3-one - - 0.36 0.72 0.23
20 enzene, 1,1’-dodecylidenebis[4-methyl- 0.23 0.52 - - -
21 1,7-Heptanediol 0.54 - - - -
22 Furan, tetrahydro-2,5-dimethoxy- 3.07 5.02 8.79 - -
23 Ethanone, 1-(2-furanyl)- 0.92 0.8 1.23 - 1.28
24 2H-Pyran, 3.4-dihydro) - - - - 0.55
25 Benzenepropanoic acid, a,a-dimethyl- - - - - 0.75
26 2-Oxepanone, 7-methyl- 0.14 0.35 1.41 - -
27 Glycolaldehyde dimethyl acetal - - 0.88 0.47 0.29
28 Phenol 42.71 47.66 36.95 6.09 -
29 Benzofuran - - 0.58 0.81 -
30 2-methyl- Phenol 3.95 2.18 1.87 0.90 -
31 p-Cresol 1.54 1.35 - - -
32 2-methoxy-Phenol 4.35 2.42 2.89 - -

dielectric constant of AW is slow increase at 400-800 °C 3.2. Influence of pyrolysis temperature
(Fig. 1b). Besides, the dielectric loss of AW is also general
increase before 600 °C. Dielectric property of AW is in good Fie.S2

! ) ’ shows the pyrolysis products distribution at
agreement with heating curves analysis.

400-800 °C. As Fig.S2 shown, the low pyrolysis temperature
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contributes to the generation of bio-oil. This phenomenon can
be explained that the generated microwave energy is used for
AW pyrolysis, and the produced volatile component generates
the bio-oil (Wang et al., 2016). The yield of the bio-oil
decreases from 24.87% to 18.40% at 500-800 °C. Wang
et al. (2016) pointed out that the gaseous product is quickly
generated, while bio-oil is restrained at high pyrolysis temper-
ature (Zhang et al., 2010). As Fig.S2 shown, bio-gas yield is
general increase at 400-800 °C. It can be explained that high
pyrolysis temperature is conducive to the production of the
bio-gas. While the yield of the biochar is decrease at 400—
800 °C. The minimum yield of the biochar is 21.20%. The rea-
son might be that high pyrolysis temperature converts portion
of biochar into bio-gas. Therefore, 500 °C is the desire pyrol-
ysis temperature because of large yield of the bio-oil.

3.3. Pyrolysis products investigation

3.3.1. Bio-oil investigation

Table 1 presents the bio-oil composition. As Table 1 shown,
the composition of the bio-oil is diverse. However, the bio-
oil contains hydrocarbons, ketones, aldehydes, phenols and
furans. Therefore, bio-oil is classified into above five groups.
As Fig. S3 shown, pyrolysis temperature affects main compo-
nents content of bio-oil. Bio-oil has large content of the pheno-
lic compound compared to other compounds. It can be
explained by the secondary transformation, which promotes
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to generate the phenolic compound. Besides, interaction of
moisture/steam with formed aromatics also contributes to gen-
erating phenolic compound (Mukarakate et al., 2015). The
generated phenolic compound can be used as the precursor
to produce the chemical and pharmaceutical with large eco-
nomic benefits.

However, bio-oil still has poor performance such as low pH
and high O content. Therefore, pre-processing of bio-oil is nec-
essary after pyrolysis. The thermal steam filtration and cat-
alytic modification are the common pre-processing method
to improve its physicochemical properties (Han et al., 2019).

3.3.2. Bio-gas investigation

Kabir et al. (2018) pointed out that the involved generation
reactions of bio-gas are complex (Kabir et al., 2018). The main
reactions of the bio-gas generation are depolymerization, frag-
mentation and secondary reactions (KristinaMaliutina and
JianglongYu, 2017). Fig. S4a presents the component of the
bio-gas at 400-800 °C. The bio-gas produced at low tempera-
ture has large content of CO,. However, CO, content gradu-
ally decreases with increasing in temperature. CO, content
reaches the minimum value at 800 °C, indicating that genera-
tion reactions of CO, are hindered at high temperature. The
CO content decreases before 500 °C and subsequently increases
at 500-800 °C due to fact that cellulose and hemicellulose
casily lose decarboxylation and then convert into CO. H, con-
tent gradually increases as pyrolysis temperature increases.
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SEM-EDS images of biochar after adsorption of Ag™ (a-d), XRD spectra of biochar before and after Ag™ adsorption (e).
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The H, content reaches the maximum value of 41.07% at
800 °C, indicating that high pyrolysis temperature contributes
to H, production. CH,4 content is increase at 400-700 °C,
which is increase from 4.76 % to 13.07 %. However, CH4 con-
tent decreases at 700-800 °C. The pyrolysis temperature signif-
icantly influences the component of the bio-gas (Zhang et al.,
2018; Foong et al., 2020). Bio-gas heating value generally
increases at 400-800 °C (Fig. S4b). As Fig. S4b shown, the
maximum heating value of bio-gas is 13.42 MJ/Nm?>. However,
the bio-gas heating value is low compared to the marsh gas and

natural gas, which limits it large scale application (Zhang
et al., 2018). Conversion H, /CO into CH4 and reduction
CO, content can increase the heating value of the bio-gas.

3.3.3. Biochar investigation

Biochar produced from different temperature has abundant
pore structure. The range of specific surface area of biochar
produced at 400-800 °C is 86.59-293.84 m?/g. Bio-char pro-
duced from 700 °C has large surface area. It can be explained
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Fig.3 The wide scan XPS spectrum biochar before and after (a), Ag 3d spectra of (b), Cls spectra of (c-d) and Ols spectra of before and

after adsorption (e-f).
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that high pyrolysis temperature is conductive to forming pores.
However, if the pyrolysis temperature is too high, the gener-
ated pore will be ruined. It is the reason why the surface area
of biochar produced at 800 °C decreases. The above analysis
demonstrates that pore structure of biochar is also influenced
by pyrolysis temperature. Fig.S5 shows the SEM images of
biochar prepared from 400 to 800 °C. Fig.S5 indicates that
the biochar prepared from 400 to 500°C has underdeveloped
pores or little pore. However, a huge number of pores are
appeared as pyrolysis temperature increases. It can be
explained that high pyrolysis temperature contributes to the
formation of pore. The SEM analysis is in good agreement
with pore structure analysis.

Raman spectrum of biochar is shown in Fig.S6. As Fig.S6
shown, biochar has two peaks at around 1350 and 1600 cm ™",
which are named as D peak and G peak. D peak means the
defection of crystalline structure. While, G peak is used to
describe the graphitic structure. Graphitization degree of bio-
char is investigated by Ip/Ig value. As Fig.S7 shown, the Ip/
I value increases as pyrolysis temperature increases.

3.4. Application of biochar

3.4.1. Ag™ adsorption of biochar

The scholars reported that biochar has abundant chemical
functional groups, which can be used in wastewater treatment
(Alshawi et al., 2022; Mohammed et al., 2022; Cheng et al.,

2022). Biochar prepared from 700 °C is used for Ag " adsorp-
tion because of large BET surface area for evaluation its
adsorption performance. The detailed information of adsorp-
tion process is in the Supplementary materials. Ag* adsorp-
tion capacity of the biochar is tested using adsorption
experiment. The residual concentration is detected by atomic
absorption spectrum after adsorption equilibrium. The
amount of the adsorbed Ag™ on biochar is 65.14 mg/g based
on adsorption experiment.

3.4.2. Ag™ adsorption and reduction process

SEM-EDS images of biochar after Ag™ adsorption are pre-
sented in Fig. 2. Fig. 2a-b indicates that the surface of biochar
has many white particles. The white granular is silver element
according to EDS analysis (Fig. 2c-d). XRD is employed to
further analyze the particle matter. As Fig. 2e shown, the sur-
face of the original biochar has the SiO, and CaCOj3. However,
the silver crystal exists on biochar after Ag™ adsorption. The
existence of metallic silver demonstrates that Ag " is converted
into the metallic silver by reduction after adsorption. The
value-added A/char is generated on biochar after Ag™ adsorp-
tion based on XRD/SEM-EDS analysis.

XPS spectrum is employed to investigate Ag* adsorption
and reduction process. As Fig. 3 a shown, biochar appears
Ag element. The Ag3ds,; and Ag3ds), are appeared in Ag spec-
tra, indicating that silver has two different status on biochar,
corresponding to the form of metallic silver (Ag3ds») and

Transmittance (%)

-0

4000 3500 3000 2500

2000 1500 1000 500

-1
b Wavenumberscm )

Adsorption

Ag@Biochar

Fig. 4 FTIR spectra of original biochar before and after Ag™ adsorption (a), adsorption and reduction process of Ag™ (b).
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Ag"' (Ag3dsp), respectively. Binding energy distance of two
different states of Agis 6.0 eV. The peak area of Ag3ds) is
large compared to Ag3ds, (Li et al., 2019). This result proves
that Ag ions are converted into silver by reduction. As Fig. 3c-
d shown, Cls spectra of biochar contain C—C, C—O, and
C=—O0 groups. However, binding energies and peak areas of
above groups have changed after Ag" adsorption. C—O and
C=O0 peak area decrease by 7.67% and 4.14% after Ag"
adsorption, respectively. XPS analysis indicates that hydroxyl
and carboxylic groups of biochar involves in Ag” adsorption.
Ols peaks of biochar before and after adsorption are also
employed to further investigate Ag’ adsorption process
(Fig. 3e-f). C=0 and C—O peak area decrease by 8.31 %
and 6.28 % after Ag™ adsorption, respectively. Ols peak anal-
ysis is in good agreement with Cls peak analysis. The metal-O
group peak area increases by 14.32%, demonstrating that bio-
char appears Ag element. The binding energy of the metal-O
group is 530.81 eV before adsorption. However, it is shifted
to 531.05 eV. It can be explained that the donation of lone
electron pair is generally low\ compared to electron density
around oxygen atom (Zhang et al., 2019). Therefore; the bind-
ing energy of Ols increases. Fig. 4a indicates that the-OH
group is appeared near 3440 cm'. The —COOH group is
found biochar at around 1640 cm™'. Besides, the C—O peak
is found at the peak near of the 1130 cm~'. The peak intensity

and location of —OH and —COOH groups are changed after
Ag" adsorption based on FTIR spectra analysis.

Ag" reduction process can be described that carboxyl and
hydroxyl groups reduce Ag™ into the metastable Ag clusters
on biochar because of lower surface energy (Abbas et al.,
2020). The generated Ag clusters are thermodynamically far
more favored than smaller entities. The metastable silver clus-
ters generally agglomerate and subsequently form A/char dur-
ing growth period (Zhao et al., 2018). The above analysis
results demonstrate that Ag' ions are converted into Ag
nanoparticles on biochar after adsorption. Fig. 4b presents
the Ag™ adsorption and reduction process. The application
of A/char in dye removal and energy storage is also
investigated.

3.4.3. Rhodamine B degradation performance of A/char

Rhodamine B is employed to investigate the degradation per-
formance of the A/char in condition of NaBH4. 50 mL rho-
damine B solution at 20-40 mg/L is mixed with the 0.02 g
A/char. The detailed information is in the supporting material.
The rhodamine B degradation removal (n) of A/char and bio-
char with or without NaBH, is presented in Fig. 5a-b. The n is
general increase as degradation time increases at 20-40 mg/L
(Fig. 5a). The maximum n of A/char is 81.75% at rhodamine

90 7
80F 6F - 20mg/L+Ag(@Biochar without NaBH:
—@—20mg/L+Biochar withNaBH: 9
70 5 F —@—20mg/L+Biochar without NaBH: 9/9'/
—@—20mg/L+ with NaBH: _
60 F 4 = S
s S0k c3F
40F 7 2k
9 —0— 20mg/L+Ag@Biochar withNaBH:
30F b Q- 30mg/L+Ag@Biochar withNaBH Ir o
O/ —@— 40mg/L+Ag@Biochar withNaBH: o
20F 0oF o—o0—9 ¢
1 1 1 1 1 L L 1 1 1 1 1 1 i 1 1 1 1

Absorbance

2min

300 400 500

600 700 800

Wavenumber (nm)

Fig.5 The degradation removal of rhodamine B using Ag/char with NaBH, (a), degradation removal of rhodamine B using biochar and
A/char with or without NaBH, (b) and UV-visible absorption spectra of rhodamine B of A/char at 20 mg/L (c).
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B concentration of the 20 mg/L. Biochar and A/char have little
rhodamine B removal without NaBH, (Fig. 5b). However, the
n of Ajchar is large compared to biochar with NaBH,
(Fig. 5b). As Fig. 5b shown, the n of A/char without NaBH,4
is lower than that of the A/char adding NaBH,. Besides, when
the rhodamine B solution only adds the NaBH,, the 1 of the
rhodamine B is low. These results prove that synergy between
A/char and NaBH, achieves the high rhodamine B removal.
The main peak intensity of the rhodamine B gradually
decreases with increasing in catalytic time (Fig. 5c). This phe-
nomenon proves that rhodamine B molecular structure is
ruined (Cheng et al., 2022). This result demonstrates that A/
char has good rhodamine B catalytic performance.

3.4.4. Energy storage of A/char

The energy storage potential of the A/char at 50-2000 mA g~
is presented in Fig. 6. The ratio of initial charge and discharge
is 53.84% based on Fig. 6. Besides, the specific energy storage
capacities are 350, 270, 220, 168, 140, 91 and 320 mAh g_1 at
50-2000 mA g, respectively. Remarkably, the specific capac-
ity is comparable to the first charge reversible capacity with the
capacity retention of 91.43% when current density returns to
50 mA g~!. This result indicates that A/char has good
reversibility. As Fig. 6 shown, A/char specific capacity is large
at 50 mA g~' with 350 mAh g~'. It can be explained that Ag in
A/char plays an important role in energy storage. Besides, A/
char has layered structure created more free space and holes
for volume changes, which is conductive to the transport of
lithium ions due to large surface area.

4. Conclusions

Physicochemical properties of pyrolysis products are analyzed at 400—
800 °C. High pyrolysis temperature contributes to the production of
bio-gas and restrains the generation of biochar. However, bio-oil yield
is little influenced by the pyrolysis temperature. Pyrolysis temperature
influences the composition and heating value of bio-gas. The maxi-
mum heating value of bio-gas is 13.41 MJ/Nm?®, which can provide
energy for industrial production. Biochar is employed as the adsorbent
for Ag”" removal, which forms A/char by reduction with the adsorp-

tion amount of the 65.14 mg/g at the concentration of 250 mg/L.
The formed A/char is acted as the catalyst for rhodamine B degrada-
tion with the removal of the 81.75% at the 20 mg/L. The formed A/
char is used in energy storage with the 350 mAh g~ ! at 50 mA g~ '.
Besides, the reduction process of the A/char is analyzed.
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