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Abstract: In this study, CuO was synthesized as a microwave absorber in the pyrolysis of a biomass
model (sugarcane bagasse). CuO was synthesized for 5 min of irradiation using the following
techniques: microwave (MW), ultrasound (US), combined mode (MW-US), and conduction heating
(CH) as a reference material. The use of these treatments promotes changes in the morphology,
as MW and US generate leaves and monolithic faceted morphologies, respectively. Changes were
also generated in some textural characteristics such as crystal size, surface area, and volume-pore
size. They were produced as a consequence of changes in the conditions during the crystallization
stage produced by the different irradiation types. The microwave-assisted pyrolysis was performed
aiming for the maximum liquid fraction (bio-oil) in the products. The reaction time, the size of the
biomass, and the CuO synthesis method were also analyzed. The following particle size (ps) intervals
were studied: ps < 0.5 mm, 0.5 mm < ps < 1.7 mm, 1.7 mm < ps < 3.5 mm. The best conditions
at 1160 Watts in the microwave were: 4 min of reaction, particle size lower than 0.5 mm, and CuO
synthesized by US. The use of CuO in the pyrolysis almost triples the amount of the obtained liquid
fraction, when compared with the pyrolysis without the use of a microwave absorbent. The CuO
was reduced to CupyO and Cu after the pyrolysis. In this work, a reduction in the reaction times from
hours to minutes was achieved during the synthesis of CuO and the pyrolysis biomass. The liquid
fraction (bio-oil) can be raw material to obtain value-added chemical products or biofuels.

Keywords: pyrolysis; biomass; CuO microwave absorber; sugarcane bagasse; synthesis by microwave;
synthesis by ultrasound

1. Introduction

Over the last 15 years, the use of biomass from agricultural waste for the production of fuels and
for obtaining chemical products has become more relevant. The use of biomass generates a closed
cycle of greenhouse gases (SOx, NOy, and COy) [1,2]. On the other hand, pyrolysis is an innovative
technique in the production of hydrocarbons from biomass. This process is the thermal decomposition
of biomass in an inert atmosphere. Pyrolysis produces biochar, non-condensable gases, and a pyrolytic
liquid called bio-oil or tar with fuel oil properties. The liquid fraction is obtained from condensable
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gases [3-5]. Bio-oil obtained from pyrolysis is a complex mixture of organic compounds obtained
from the decomposition of biomass (cellulose, hemicellulose, and lignin). This is a mixture of organic
compounds such as acids, aldehydes, esters, alcohols, ketones, anhydrosaccharides, levoglucosan,
phenolic monomers, furans; additionally, from this mixture other chemicals can be obtained by
hydrocracking or hydroprocessing. Bio-oil can be used in the production of value-added chemicals or
as a substitute for petroleum oils [6-9].

The microwave heating in biomass pyrolysis has created a great deal of interest due to its
advantages over conduction heating: (1) heating is generated from inside the material and not from the
outside as it happens with conduction, (2) there is less heat loss due to the transfer of electromagnetic
energy instead of heat energy, (3) The heating is selective and without direct contact, which produces
changes in the selectivity. In addition, microwave pyrolysis of biomass generates bio-oils with higher
content of phenols and levoglucosan in comparison with conventional heating [10-12]. Microwaves
are electric and magnetic fields perpendicular to each other. When these waves interact with a material
they can be transmitted, reflected, or absorbed. Due to these interactions, the materials can be classified
into three types (Figure 1): (I) transparent (microwaves go through the material without interactions),
(IT) opaque or conductive (microwaves are reflected and therefore do not penetrate the material), and
(III) Absorbents (the material absorbs microwaves and it is heated) [13-16]. The biomass is a transparent
material to the microwaves and it must be mixed with an absorbent material for promoting the conversion
of microwaves into heat. Some materials have the advantage of absorbing microwaves and transform
the electromagnetic energy into heat, some of them are oxides (CuO, Fe3O4, Ni;O3), carbon, and salts
(FeS, CuS, Cu(l) [17-19]. The CuO is a good microwave absorbent and it has shown a high selectivity for
semi-volatile compounds. In the pyrolysis of pine sawdust with conduction heating, CuO has generated
the highest efficiency of semi-volatile compounds compared with 31 catalysts including clays, metal
oxides and zeolites. It is for this reason that CuO is proposed as a microwave absorbent [18].
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Figure 1. Classification of materials according to their interaction with microwaves.

The sugarcane bagasse is proposed as a source of biomass, this is a waste that is produced in the
order of millions of tons annually. The sugar cane occupies third place in the agricultural products in
the world, and it is estimated that for each ton of sugarcane 280 kg of bagasse are generated [20-22].

Three different methods were employed to synthesize the copper oxide: microwave, ultrasound,
and a combined mode of microwave-ultrasound irradiation. These methods generate differences
in the morphological and textural properties of the synthesized materials for the analysis in the
pyrolysis. On the other hand, it is expected the optimization in the production of the liquid fraction
(bio-oil) taking two references: the pyrolysis without absorbent and the use of CuO synthesized with
heating conduction.
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2. Materials and Methods

2.1. The Biomass

Sugarcane was acquired in Mexico City, the cane was cut and crushed to extract the liquid and
obtain bagasse. The bagasse was dried in a stove Memmert UN55 for 72 h at 60 °C, crushed and
sieved to obtain different particle sizes: ps < 0.5 mm, 0.5 mm < ps < 1.7 mm, 1.7 mm < ps < 3.5 mm.
Bagasse was characterized using the methodology reported by Adeeyo et al., 2015, which determine
the content of hemicellulose (hc), cellulose (c), lignin (1), ash (a), and extractives (e). The determination
of extractives was made in a Soxhlet using acetone, keeping it in reflux for four hours. The extractives
were retained in the acetone and they were quantified by the difference between the dried residue and
the initial bagasse.

The determination of hemicellulose was performed by boiling a fraction of the extractive free
bagasse with a 0.5 M NaOH solution for three hours. The solid was filtered and washed with deionized
water until pH 7 was reached, after which the residue was dried at 100 °C. To quantified the lignin
content, a hydrolysis was carried out to another fraction of the extractive free bagasse with HySOy, the dry
solids were taken to an oven at 600 °C. The difference between the dry solids and the residue at 600 °C
corresponds to the insoluble lignin. The soluble lignin was determined by UV-vis spectroscopy. The ash
content was determined by heating the dry bagasse at 650 °C; it was obtained by weight difference with
the initial bagasse. Finally, the cellulose content was calculated by applying Equation (1) [23].

%We = 100% — %We — %Whe — %W — %W, )

2.2. Copper Oxide

CuO was used as a microwave absorbent material in the pyrolysis of cane bagasse. The CuO
was synthesized by the precipitation method using Cu(NO3), as a precursor. pH 10 was maintained
during the precipitation using a 0.5 M NaOH solution. The gel obtained was irradiated for 5 min
with ultrasound, microwave, or combined mode. The obtained materials were identified as CuO US,
CuMW, and Cu MW US, respectively. A CW-2000? equipment was used for the three types of synthesis.
In the ultrasonic mode it operates with a power of 50 W and a frequency of 40 kHz. The microwave
mode works with 800 W and 2450 MHz, and for the combined mode the above conditions were used.
The resulting materials were washed with distilled water. Thermogravimetric analysis was achieved in
a Simultaneous Thermal Analysis STA i 1000, it was performed from 50 to 500 °C in steps of 10 °C/min
in air atmosphere. The materials were heated at 350 °C as a result of the thermogravimetric analysis.

The copper oxides were characterized by X-ray diffraction in a Rigaku Miniflex 600 diffractometer
using Cu K« radiation (x = 1.54 A). A Soller slit with a Ni filter of 0.5 mm was fitted in the incident beam,
and an ultra-high speed Dtex detector was used. Measurements were performed with a sweep from 5
to 110 degrees with a step size of 0.01 and a speed of 0.9 degrees/min. Crystal size and lattice parameters
were calculated using Rietveld refinement, with the help of HighScore Plus diffraction software.

The textural properties of the synthesized materials were characterized by nitrogen physisorption
in a Gemini VII Surface Area Analyzer. The specific surface area was determined by BET (Brunauer,
Emmet and Teller) multipoint method with a pre-treatment in temperature at 200 °C for 8 h under
vacuum. The pore size was determined by the BJH (Barrett, Joyner, and Halenda) method. The pore
volume was calculated at P/Py = 0.99.

The SEM micrographs were obtained in a JEOL scanning electron microscope model JSM7800
F at 2 and 10 kV. A low electron detector (LED) or a backscatter electron detector (BED) was used.
The samples were placed on conductive carbon tape.

2.3. Pyrolysis of Sugarcane Bagasse

The pyrolysis was performed using a multimodal microwave to generate the heating. Figure 2
shows the reaction system, which was designed by the group, using an LG MS1449CS microwave with
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variable power. For each reaction, 5 g of cane bagasse mixed with 5 wt% of CuO were placed in a
template glass reactor. An inert atmosphere was generated by injecting nitrogen for 15 min before each
reaction; a Dean-Stark trap at —3 °C was used to collect the condensable gases (bio-oil).

Figure 2. Pyrolysis of sugarcane bagasse system: (a) nitrogen generator; (b) K type thermocouple;
(c) Dean-Stark type trap; (d) « alumina base; (e) multimodal microwave; and (f) template glass reactor.

The solid and liquid fractions were quantified by gravimetry; the gas fraction was determined by
weight difference. The remaining residue in the reactor is the solid fraction (char and CuO mixture),
the condensable gases are the bio-oil and the remaining material is the non-condensable gas fraction.

3. Results and Discussion

3.1. Sugarcane Bagasse

Table 1 shows the results of the characterization of cane bagasse according to the methodology
presented in Section 2.1. It is worth mentioning that the bagasse used has low ash content, which
could favor the production of the liquid fraction. High content of ash favors the production of the
solid and gas fractions [24]. The obtained composition has percentages similar to those reported by
other authors, that is to say, higher cellulose content, followed by hemicellulose, lignin, and ash [25].

Table 1. Composition of cane bagasse.

Cellulose Hemicellulose Lignin Ash Extractives Reference
32.5% 30.7% 26.5% 2.4% 7.9% Sugar cane bagasse
35.28% 33.28% 25.20% 4.1% 2.14% [23]
43.1% 31.1% 11.4% 5.5% 8.5% [26]
49.8% 28.4% 14.9% — — [27]

3.2. Copper Oxide

For the synthesis of the CuO, the coprecipitation method was used. The obtained gel was subjected
to different treatments during the crystallization stage: microwave (MW), ultrasound (US), combined
mode (MW-US), and also a conduction heating (CH). After the treatment, a change of color took
place in the gel from blue to brown. This change is attributed to the transformation suffered by the
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precursors to copper oxo-hydroxide (CuxOyH;). These hydrates contain Cu-OH and Cu-O groups
that are transformed into CuO [28]. Thermogravimetric analysis was made to the resulting materials
(Figure 3) to know the calcination temperature at which the CuxOyH; are completely transformed into
CuO. x, y, and z subscripts were calculated from the information provided from the thermographs:
Cug3100.44Hp 26 for microwaves, and Cug 130038Hg 49 for the other three methods. The thermographs
show that all materials have a weight loss in the temperature interval between 170 and 260 °C and this is
due to the release of water generated when transforming the CuxOyH; into CuO. The weight loss in the
combined, ultrasound only, and conventional treatments was close to 30%, while the microwave heat
treatment had a lower weight loss of approximately 10%. This is attributed to the fact that microwave
thermal treatment favors the generation of CuO in greater measure when compared to the other treatments
studied. Therefore, an adequate temperature to ensure the complete transformation into CuQ is higher
than 300 °C and for this reason, in all cases the samples were subjected to 350 °C for 8 h.
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Figure 3. Thermogravimetric analysis of CuxOyH; with different treatments.

Figure 4 shows the X-ray diffraction patterns (XRD) of materials synthesized with different
treatments and Table 2 shows lattice parameters and crystal sizes for the same materials. We can
observe the characteristic reflections of the monoclinic CuO in all the synthesized materials and no
crystalline impurities were detected. The Inorganic Crystal Structure Database (ICSD) 00-048-1548
was used as a reference. The CuO MW presents a greater dispersion in the crystal sizes for each
crystallographic direction. Lower order for the crystallographic direction (111) in comparison with
the other treatments. This effect can be attributed to the vibrations generated by microwaves; it has
been reported that microwave-assisted synthesis generates changes in the crystal structure (phase
and degree [29,30]. According to the results shown in Table 2, it is worth mentioning that there are
no significant changes in the lattice parameters for the synthesized materials. On the other hand,
CuO CH has the largest crystal size while the material with microwave treatment has the smallest
(3.4 times smaller than CuO CH). Smaller crystal size is due to overheating generated by microwaves.
The microwaves distribute the thermal energy in the system more homogeneously compared to the
conventional method where there are greater differences in temperature. Therefore, more homogeneous
heating promotes a greater formation of seeds (nucleation stage) which have a lower growth due to the
quick decrease in the concentration of the reactant in the surrounding space [31]. In this case, the CuO
US sample has a smaller crystal size compared to the CuO CH sample. This is due to the formation
of a large number of nuclei at the beginning of the crystallization stage and can be attributed to the
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cavitation effect [32]. The material with combined treatment (Cu MW-US) has a crystal size closer to
that obtained for the CuO US. On the other hand, the growth in the different crystallographic directions
for CuO MW-US is similar to that obtained by ultrasound. It can be assumed that the ultrasound
treatment has a greater impact than microwave when it is applied in a combined method.
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Figure 4. X-ray diffraction patterns of CuO synthesized with microwave, ultrasound, combined mode,
and conventional treatment.

Table 2. Lattice parameters and crystal size of the CuO synthesized with different treatments.

Lattice Parameters

Sample a(A) b (A) c(A) Crystal Size (A)
CuO MW 4.6766 3.4229 5.1232 159
CuO US 4.6827 3.4226 5.1275 440
CuO MW-US 4.6846 3.4236 5.1295 376
CuO CH 4.6850 3.4248 5.1311 540

Figure 5 shows the nitrogen adsorption-desorption isotherms of the CuO. Type IV isotherms
with an H3 hysteresis loop were obtained for all the CuO samples. Type IV of isotherm is related to
mesoporous solids. On the other hand, H3 hysteresis is related to materials with plate-like particles or
slit-shaped pores [33,34]. The pore diameters are calculated by the BJH method and are presented in
Table 3. In all cases the average pore diameters correspond to mesoporous solids. It was also found
that the microwave treatment (CuO MW) promotes the largest specific area compared to the other three
treatments. The second with larger surface area corresponds to the CuO CH. Using the ultrasound and
combined treatment the same specific areas were obtained. For the pore diameters, the US CuO had a
larger diameter and similar pore diameters were obtained for the other treatments. In the case of the
pore volumes, they are similar for all treatments. Based on Table 3, it can be deduced that the type of
treatment influences the formation of the porosity. The microwave treatment the one that promotes a
greater specific area.
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Figure 5. Nitrogen adsorption-desorption isotherms of CuO with different treatments during the synthesis.

Table 3. Specific area, pore diameter, and pore volume of copper oxide synthesized by different treatments.

Sample Specific Surface Area (m?/g) Pore Diameter (A) Pore Volume (cm?/g)
CuO MW 12 103 0.03
CuO US 6 132 0.02
CuO MWUS 6 97 0.02
CuO CH 9 103 0.02

3.3. Pyrolysis of Sugarcane Bagasse

The pyrolysis of sugarcane bagasse was performed at different reaction times (from 1 to 45 min)
to determine the fraction of liquid, solid, and gas. In each reaction, 5% weight of CuO CH and 1160
Watts in a N, atmosphere were used, the results are presented in Figure 6. At 4 min of reaction time
a maximum liquid (bio-oil) yield was obtained, at higher times no significant changes were found.
For this reason, this time was taken as the optimal reaction time.

M Liquid fraction Gas fraction B Solid fraction

=
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Time (min)

Figure 6. Fractions obtained in the pyrolysis of cane bagasse at different reaction times using CuO as
an absorbent.
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Pyrolysis of cane bagasse was performed using CuO synthesized with different treatments and
a test was made without CuO. The same conditions as above of power, inert atmosphere, reaction
time, and weight of CuO were used in all reactions, the results are presented in Figure 7. It can be
observed that there are no significant changes in the amount of liquid fraction using CuO synthesized
with different treatments. There is an average of 12% weight of bio-oil, indicating that the changes in
the morphological and textural properties of the absorbent do not generate significant variations in
the obtained fractions during the microwave-assisted pyrolysis. The pyrolysis with CuO has a larger
bio-oil product compared with the pyrolysis without absorbent, which is 12.5 and 5.2%, respectively.
This is because the bagasse is not a good microwave absorbent. It should be noted that the catalysts
synthesized by ultrasound and microwave techniques are performed in only 5 min of treatment.

M Liquid fraction Gas fraction M Solid fraction
-
=
20
@
=
xR
324 30.5 31.2 30.5
25.4
CuO CH CuO MW CuO US CuO MW-US W CuO

Microwave absorber

Figure 7. Fractions obtained in the pyrolysis of cane bagasse using as absorber CuO synthesizing with
microwave treatment, ultrasound, combined mode, conduction heating, and a test performed without
the absorber (W CuO).

The effect of the particle size of the cane bagasse in the pyrolysis was analyzed. The reaction was
achieved using different particle sizes: ps < 0.5 mm, 0.5 mm < ps < 1.7 mm, 1.7 mm < ps < 3.5 mm.
The reactions were accomplished in an inert atmosphere at 1160 Watts and 10% CuO US, the results
are presented in Figure 8. The smallest particle size (ps < 0.5 mm) generates the highest liquid fraction
(14.5%), unlike the results reported by Varma, where the size that generated the highest liquid yield
was in the interval of 1-1.7 mm when using conduction heating [35].

M Liquid fraction Gas fraction | Solid fraction

=
=
Do
]
3
X
32.3
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Particle size of cane bagasse (mm)

Figure 8. Fractions obtained in the pyrolysis of cane bagasse using different particle sizes.
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A smaller particle size allows a larger contact surface between the bagasse and the microwave
absorbent, promoting more homogeneous heating in the bagasse-CuO mixture.

A comparison of the crystalline phases in the solid fraction was made before and after pyrolysis.
Figure 9 shows the XRD patterns of cane bagasse mixed with CuO before and after the pyrolysis.
The composition of the crystalline phases of the copper species present in the carbonaceous residue
(after the pyrolysis) was obtained by Rietveld analysis.
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Figure 9. XRD patterns of cane bagasse + CuO and the carbonaceous residue obtained after pyrolysis.
Percentage of the crystalline phases: CuO, Cu;0, and Cu found in the carbonaceous residue.

The XRD patterns of Figure 9 show cellulose I3 and CuO with monoclinic crystalline systems in
both cases. The identification of cellulose was performed using the work published by French (A. D.
French 2014) and for CuO the ICDD 01-089-5899 card. Additionally, in the carbonaceous residue, Cu,O
and Cu with a cubic crystalline system were also identified; the identification was made with the
ICDD 01-085-1325 and 01-077-0199 cards, respectively. Based on the information obtained from XRD
patters and the Rietveld analysis (Figure 9), it can be inferred that during pyrolysis, 87% of the CuO
was reduced to CupO and Cu. This reduction can be attributed to the presence of CO which is part of
the non-condensable products during the pyrolysis [36—41]. Therefore, CuyO and Cu have a lower
capacity to transform microwaves into heat energy than the CuO compound; this explains why the
reaction progress is reduced after 4 min of irradiation (Figure 6).

The morphology of CuO was analyzed before and after the pyrolysis. The scanning electron
microscopy of CuO MW (Figure 10a—c), CuO US (Figure 10d—f), and the carbon-CuO US mixture
(Figure 10g—i) were performed. The carbon-CuO US mixture was obtained after the pyrolysis which
promoted the higher liquid fraction.

A nanoleaves morphology with different sizes is observed in Figure 10a—c [42]. Details of the
morphology are appreciated in micrograph b, where the zone marked with a circle shows the growth of
this morphology through the formation of dendrites. At 50000x (c), it can be seen that these structures
have porosity and the existence of a monolithic phase in a smaller proportion.

The synthesized sample by ultrasound irradiation (Figure 10d—f) has a different morphology
when compared with the one obtained by microwaves. In this case, the faceted and agglomerated
monoliths of different sizes and shapes (d) are presented. Micrograph (e) depicts a growth based on
dendrites (circled area) similar to that found by microwaves. It should be mentioned that in general,
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the particle size is larger than the one obtained by microwaves. In micrograph f some porous areas and
details of this morphology are identified. The difference in morphology of the CuO synthesized with
ultrasound (facetted monoliths) or microwave (nanoleaves) treatment is due to the topotactic effect.
This indicates that the synthesis method modifies the shape and size of CuxOyHj, in the nucleation and
growth during the crystal formation. This morphology is preserved in the resulting oxides after the
calcination [43].

CuO US CuO MW

Carbonaceous
residue

Figure 10. SEM micrographs using LED at different magnifications: CuO MW (a) 10,000x; (b) 20,000x%;
(c) 50,000%; CuO US (d) 10,000x; (e) 20,000x; (f) 50,000, and carbon-CuO US mixture (g) 10,000x%;
(h) 20,000x; (i) 20,000x (using backscatter electron detector (BED)).

The carbon-CuO US mixture obtained after performing the pyrolysis (Figure 10g—i), shows
some Cu species agglomerates on the surface of the char (f). At 20,000 (h) there is a homogeneous
dispersion of Cu species on the char. It should be noted that there was a change from monolithic faceted
morphology to quasispherical particles and a size reduction in CuO ((e), 20,000x) when reduced to
CuyO and Cu ((h), 20,000%). The micrograph (i), which has the same magnification but is using a
backscattered electron detector, corroborates that the dispersed and agglomerated material corresponds
to the Cu species.

4. Conclusions

CuO was synthesized free of crystalline impurities using ultrasound, microwave, or combined
mode (microwave-ultrasound).

The crystallinity of the CuO is modified during the transformation of CuxOyH, to CuO due to the
different treatments, the lattice parameters do not change. The CuO MW sample has the smallest crystal
size, 3.3 times smaller than the one obtained with conduction heating (CuO CH). The combined treatment
presents an intermediate crystal size between the one obtained with microwaves or ultrasound.
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The treatment modified the textural characteristics (specific surface area, diameter, and pore
volume) in the CuO during the synthesis. The ultrasound irradiation promotes larger pore diameter in
comparison with microwave and combined treatments.

The reaction time is reduced during the synthesis of materials and reactions such as pyrolysis
using microwave and ultrasound irradiation, the time could be reduced from hours to minutes.

The texture and morphology depend on the irradiation method during the nucleation stage for
the synthesized materials. The synthesis method when obtaining CuO modifies the morphology due
to the topotactic effect, resulting in irregular faceted monoliths using ultrasound and nanoleaves in the
case of microwaves.

The best conditions to obtain bio-oil (14.5%) by the pyrolysis of sugarcane bagasse using a
multimodal microwave reactor and CuO as a microwave absorber were: a power of 1160 Watts, 4 min
of irradiation time, CuO US as an absorber and ps < 0.5 mm of the biomass.

Using CuO as a microwave absorber, the amount of the obtained liquid fraction is 2.7 times larger
than the pyrolysis without absorber.

During the pyrolysis of cane bagasse using CuO as a microwave absorber, 87% of the CuO is
reduced to CuyO and Cu after 4 min of irradiation, slowing the reaction progress because CuO is a
better microwave absorber than Cu,O and Cu.
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