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In this study, wheat straw (WS) was treated using two-step synergistic techniques, which
were process water recirculation (PWR) during hydrothermal carbonization (HTC) and
microwave energy activation (MEA). The physicochemical properties of solid and liquid
products during the process of HTC PWR were characterized. The temperature-rising
properties, yields, and fuel properties of hydrochar after MEA were explored. Then the
optimal technique conditions were explored. When HTC PWR was twice, the carbon
content (55.59%) and higher heating value (21.72 MJ/kg) were the highest, and the ash
content (1.93%) and the O/C and H/C ratios were the lowest. When HTC PWR was three
times, the fixed carbon content, mass yield, and energy yield were the highest: 18.53%,
58.25%, and 71.84%, respectively. Many more carbon microspheres and pores appeared
on the surface of hydrochar after PWR, which could improve the fuel characteristics and
mass vield. After HTC PWR, the concentration of organic acids and HMF in liquid by-
products increased, which was conducive to the increase of carbon content and mass
yield. The best effect was HTC PWR twice or three times. With the increase of microwave
power or the extension of microwave activation duration, the temperature-rising properties
of hydrochar significantly increased, and the mass and energy yields decreased. The
volatile contents of hydrochar decreased and their fixed carbon contents and HHV
increased with the increase of microwave power. The properties of hydrochar could be
improved when MEA was 900 W or 1000 W for 4 min. Therefore, MEA had significant
effects on the properties of hydrochar after different PWR conditions.

Keywords: wheat straw, hydrothermal carbonization, process water recirculation, microwave energy activation,
physicochemical property, temperature rising property
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1 INTRODUCTION

Straw is a kind of abundant biomass resource, containing
micronutrients, nutrient elements, and organic carbon (Cui
et al., 2018). In China, the output of straw is ~900 million
tons every year (Hu et al., 2021). After grain harvest, a large
number of straws are stacked in the fields or burned directly,
which will cause serious waste of resources and environmental
pollution (Ma et al., 2019). The straws should be disposed of in
some reasonable ways converting them into efficient energy
resource material. Thermochemical conversion has the
characteristic of a high conversion rate (Leng et al., 2020).
Hydrothermal carbonization (HTC) can produce a carbon
source which is an effective thermochemical conversion
process (Stemann et al., 2013a; Ghaziaskar et al., 2019). It is
a mild temperature (180-260°C) and pressure (~2-6 MP)
reaction in an aqueous solution, converting lignocellulosic
biomass into high energy density solid fuel (Funke and
Ziegler, 2010; Reza et al., 2013; Libra et al., 2014; Uddin
et al, 2014). However, many degradation products and
inorganic biomass substances will dissolve into byproduct
liquid during HTC, which causes energy loss and additional
investment of wastewater treatment (Weiner et al., 2014;
Kabadayi Catalkopru et al., 2017; Lenga et al, 2020). The
continuous use of freshwater will cause a waste of water
resources. All these problems restrict the application of the
HTC technique. Therefore, it is necessary to adopt reasonable
ways of process water disposal to improve the economic and
environmental benefits of this technique (Weiner et al., 2014;
Wang et al., 2019).

Process water recirculation (PWR) is a method that can solve
the problems of water resource waste and sewage treatment, as
well as reduce heat consumption (Zhu et al., 2015). PWR can also
reduce the cost of wastewater treatment. The process water of
HTC is rich in a variety of organic chemical compounds. These
substances can catalyze dehydration and decarboxylation
reactions, which can significantly improve the overall
efficiency of the HTC system (Kambo et al., 2018). Studies
have shown that the contents of short-chain organic acids
increase with the increase of PWR numbers, which can
promote the decomposition of raw materials to produce
hydrochar (Kochermann et al.,, 2018). Stemann et al. (2013b)
has found that PWR was the most effective heat recovery method
during the HTC process, which can reduce a lot of external heat
consumption. And process water also contributed to the
anaerobic digestion of some biomass (Wirth and Mumme,
2013). Heidari et al. (2018) set different HTC conditions to
explore the effects of PWR on product characteristics. The
results show that when PWR is the first time, the mass yield
of hydrochar increases by 12%, and its higher heating value
(HHV) increases by 2%. When PWR is twice, the energy
recovery efficiency increases by 15.83%. The PWR has a
specific catalytic efficiency on the HTC process of biomass
(Ghaziaskar et al., 2019). After PWR, the hydrophobicity of
hydrochar is enhanced (Stemann et al, 2013b), and their
carbon content and energy yield increase by 84% and 82%,
respectively.

Stepwise Microwave Synergistic Hydrothermal Carbonization

The microwave energy activation (MEA) technique has the
characteristics of selectivity, rapidity, and integrity (Kambo,
2014). The material can be activated rapidly and directionally,
thus reducing the processing time and cost. Microwave energy
activation can induce local hot spots, which can specifically
improve the characteristics of biomass (Zhang and Zhang,
2017; Ao et al, 2018). The study has shown that the
absorption property of hydrochar is better than that of raw
biomass (Zhou et al, 2020). Therefore, the combination of
HTC and MEA might be a coupling treatment technique with
great potential to improve straw performance.

However, the effects of HTC PWR combined with MEA on the
properties of wheat straw (WS) have been sparsely reported. In
this study, the WS was used as raw material. After HTC, the liquid
was used for recycling in the next HTC treatment. The PWR was
six times. The mass and energy yields, ultimate and proximate
analyses, O/C and H/C ratios, HHV, the surface microstructure of
hydrochar, and the organic chemical compounds in liquid by-
products were explored. After that, the selected hydrochar was
activated by microwave energy treatment. The temperature-rising
properties and fuel properties of WS hydrochar were measured.

2 MATERIALS AND METHODS

2.1 Experimental Material

The methods in which WS was collected and selected were similar
to the previous study (Zhang et al, 2018; Zhang et al., 2020).
During the process of collection, the WS was cut at ground level.
After removing the root and grain, they were machine-cut to
lengths of 30-35 cm. The WS was crushed with a Retsch SM 300
pulverizer (Haan, Germany) sifted to obtain a 2 mm size, and
stored in a zip-lock bag.

2.2 Process Water Recirculation During

Hydrothermal Carbonization

A Parr 4848 autoclave reaction kettle (Parr Instrument Co.,
Moline, 1L, United States) was used for the HTC experiment
of WS powder. The operation method was optimized on the basis
of previous research (Zhang et al., 2020). In the HTC PWR
experiment, the WS (25 g) and distilled water (375 g) were loaded
into the reaction kettle in the first experiment (i.e., 0 cycle). The
HTC conditions were 231°C and 25 min (Zhang et al., 2020).
After every HTC experiment, the liquid by-products (~300 g)
were collected for the next HTC experiment. Then distilled water
(~75 g) was added into the collected liquid so that the total liquid
mass was 375 g and the ratio of material to liquid is 1:15. Then the
HTC experiment was carried out again based on the above
operation method. A schematic diagram of PWR during HTC
is shown in Figure 1. The HTC PWR experiment was completed
six times. The liquid by-products were collected after each
recirculated experiment, which was used for subsequent
determination. In each group of HTC PWR experiment, the
first experiment was PWR for zero time (marked as HTC-
PWRO), the second experiment was PWR for the first time
(marked as HTC-PWRI1), and according to this naming
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method, the seventh experiment was PWR for the sixth times
(marked as HTC-PWR®).

2.3 Hydrochar Characteristics
Mass yield (%) was calculated by dividing the mass of hydrochar
by the mass of raw WS, both on a dry mass basis.

mass yield (%) = mass of hydrochar

100 1
mass of wheat straw W

The energy densification was determined by the ratio of HHV
of hydrochar and WS.

HHYV of hydrochar
HHYV of wheat straw

energy densification = 2)
Energy yield was calculated by a product of mass yield and
energy densification (Ghaziaskar et al., 2019).

3)

Elemental analyses were determined by an Elementar Vario
MACRO cube (Langenselbold, Germany) (Zhang et al., 2020). The
carbon, hydrogen, and nitrogen contents were determined referencing
the ASTM D5373-16, and the sulfur content was determined

energy yield = energy densification x mass yield

referencing the ASTM E775. The oxygen content was calculated by
the subtraction method as follows (Telmo et al,, 2010; Li et al., 2018):

(4)

Where C, H, N, O, and S represent the carbon, hydrogen,
nitrogen, oxygen, and sulfur contents, respectively, in mass
percentages on a dry basis.

The proximate analyses (including ash, volatile matter, fixed
carbon) were measured according to ASTM D7582-10.

The HHV was analyzed via a Parr 6300 bomb calorimeter. The
analysis method was referred to ASTM E711, Channiwala and Parikh
(2002) and Poddar et al. (2014). The 0.7 g sample was weighed by an
electronic balance and placed on lens paper. Then the sample was
wrapped put into the cube of a bomb calorimeter. The calorific value
(GVC) of the cartridge was recorded after the instrument
measurement. The sulfur content was determined according to the
method of elemental analysis. The HHV was calculated as follows:

(5)

The surface microstructure of hydrochar was analyzed by
scanning electron microscope (SEM) (Japanese Electronics,
Japan), a method similar to the previous research (Zhang

0% = 100% — (C% + N% + H% + S%) — ash%

HHV (J/g) = GCV x 10°(J/ g) — 94.28335 (%)
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TABLE 1 | The mass and energy yields of wheat straw hydrochar after process
water recirculation.

Sample Mass yield (%) Energy vyield (%)
HTC-PWRO hydrochar 50.69 + 0.51° 61.12 + 0.29¢
HTC-PWR1 hydrochar 52.22 + 0.47% 63.39 + 0.58'
HTC-PWR2 hydrochar 56.36 + 0.56% 70.19 + 0.65°
HTC-PWR3 hydrochar 58.25 + 0.57% 71.84 + 0.58%
HTC-PWR4 hydrochar 57.90 + 0.54° 70.98 + 0.34°
HTC-PWRS5 hydrochar 57.79 + 0.07° 71.31 = 0.41°
HTC-PWR6 hydrochar 57.12 + 0.812 70.25 + 0.66°

The figures are the mean value +standard deviation in the table.

a, b, ¢, d, e f, g means followed by different superscripts in the same column are
significantly different at p < 0.05.

a, b, ¢, d, e, f, g means followed by the same superscripts in the same column are not
significantly different at p > 0.05.

etal., 2018). Before analysis, the samples were sputter-coated with
gold (Kaliyan and Morey, 2010; Liu et al., 2017).

2.4 Liquid By-Product Characteristics

The concentration of organic acids, 5-Hydroxyl Methyl Furfural
(HMF), and furfurals in the liquid by-product were measured
using High-Performance Liquid Chromatography (HPLC)
(Hitachi, Ltd., Tokyo, Japan) (Sluiter et al, 2006). The
instrument and organic compounds were calibrated before the
experiment. Firstly, the liquid by-product went through a 0.45 um
filter membrane. Secondly, the pH of the liquid by-product was
adjusted to 2-4 using concentrated phosphoric acid. Biorad
Aminex HPX-87H column was selected for HPLC analysis.
The analysis conditions were: sample quantity (20 pL), mobile
phase (0.1% phosphoric acid solution), flow rate (1 ml/min),
column temperature (60°C). The detector temperature was
close to the column temperature. UV wavelength was 210 nm.

2.5 Microwave Energy Activation

The MEA experiment was carried out in the modified microwave oven,
in which a thermocouple could be used for temperature measurement.
Hydrochar (20 g) was placed in a custom quartz reactor, which was
placed in the geometric center of the microwave oven for activation
based on the set microwave power and time. The microwave power
was set to 800, 900, and 1000 W, and the microwave activation

Stepwise Microwave Synergistic Hydrothermal Carbonization

duration was set to 2, 4, and 6 min. After microwave activation, the
thermocouple was quickly inserted into the sample to measure the
temperature. The schematic diagram of the MEA system was shown in
Figure 2. And then the yields, proximate analysis, and HHV of these
samples were determined. The microwave energy activation conditions
are denoted as MEA A-B in the manuscript and tables, where A is the
microwave power (W) and B is the duration (min).

2.6 Theoretical Calculations

Microsoft Excel 2010 (Microsoft Corp., Redmond, WA,
United States) was used to calculate the parameters. Origin 8.6
(Origin Lab Corp., Northampton, MA, United States) was used
for plotting figures. The Statistical Package for the Social Science
(SPSS) software v. 20.0 (IBM Corp., Chicago, IL, United States)
was used to perform the statistical analyses. The data were
analyzed by ANOVA, followed by Duncan’s multiple range
test. Differences among means at p < 0.05 were considered
statistically significant.

3 RESULTS AND DISCUSSION

3.1 Effects of Process Water Recirculation
on the Physicochemical Properties of Solid
and Liquid Products During Wheat Straw

Hydrothermal Carbonization

3.1.1 Mass Yield and Energy Yield

The mass and energy yields of hydrochar during HTC PWR are
illustrated in Table 1. With the increase of PWR number, the
mass yield of WS hydrochar increased rapidly and then decreased
slightly. The mass yield (58.25%) of hydrochar was the highest in
the condition of HTC-PWR3, which increased by 14.91%
compared with that in HTC-PWRO. The result was higher
than the results of Uddin et al. (2014). Research has shown
that the cellulose and hemicellulose in biomass decomposed into
soluble sugar, and the lignin degraded into aromatic alcohol in
the process of HTC (de Caprariis et al., 2021; Tai et al., 2021).
During PWR, these decomposition products were condensed and
polymerized, then deposited on the surface of hydrochar, which
led to the increase of mass yield of hydrochar (Titirici and
Antonietti, 2010). After HTC-PWR3, the mass yield change

TABLE 2 | The ultimate and proximate analyses of wheat straw hydrochar after process water recirculation.

Sample Ultimate analysis (w.t. %) Proximate analysis (w.t. %)

C H N S (o) Ash Volatile Fixed carbon
HTC-PWRO hydrochar ~ 51.92 + 0.19° 6,50 £ 0.03%*  0.51 £0.02°  0.71 £ 0.01° 3825+ 0.11® 211 +0.11° 7863 +0.39® 17.04 + 0.17°
HTC-PWR1 hydrochar ~ 53.75 + 0.16° 536 +0.16%  0.83 + 0.04° 1.08 +0.36%  36.84 +0.16° 2.15+0.07°9 7829 +0.84° 17.22 +0.78°
HTC-PWR2 hydrochar 5559 + 0.77% 561 +0.16°°  0.92 + 0.05%  0.63 = 0.06°™ 3532+ 0.22° 193+0.09° 77.32+0.14°> 1822 +0.112
HTC-PWR3 hydrochar ~ 54.55 + 0.56°  5.47 +0.13°® 090 + 0.03° 051 +0.03°° 3632+ 0.18° 226+0.13° 7675+ 048> 1853 + 0.49°
HTC-PWR4 hydrochar ~ 54.44 + 0.47° 546 £+ 0.11°®  0.88 +0.04> 0.43 +0.02° 3653+ 0.13° 226+001° 7695+ 028> 1826 + 0.34°
HTC-PWR5 hydrochar ~ 54.25 + 0.34° 544 + 0.05°  0.91 + 0.012 0.38 + 0.01¢ 36.57 £ 0.10° 245+ 007  77.11 £0.07° 17.91 + 0.012
HTC-PWR6 hydrochar ~ 54.51 + 0.08° 555 +0.06°° 0.90 +0.01®  0.36+0.01% 3628+004°> 239+005 76.90+011° 18.15+0.15°

The figures are the mean value +standard deviation in the table.

a, b, ¢, d, e, means followed by different superscripts in the same column are significantly different at p < 0.05.
a, b, ¢, d, e, means followed by the same superscripts in the same column are not significantly different at p > 0.05.
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FIGURE 3 | Van Krevelen diagram of wheat straw hydrochar after
process water recirculation.

was not obvious, which was because the reactions reached relative
equilibrium (Stemann et al., 2013b). The results showed that the
mass yield of hydrochar could be improved during the process of
HTC PWR.

With the increase of PWR number, the energy yield of
hydrochar first increased significantly (p < 0.05) and then
reached a stable state. The energy yield (71.84%) was the
highest after HTC-PWR3, which was 17.54% higher than that
after HTC-PWRO. Therefore, the energy yield of WS hydrochar
could be significantly improved after HTC PWR.

Stepwise Microwave Synergistic Hydrothermal Carbonization

3.1.2 Ultimate and Proximate Analyses

The ultimate and proximate analyses of WS hydrochar after HTC
PWR are summarized in Table 2. The carbon content of WS
hydrochar increased after PWR. The carbon content was the
highest after HTC-PWR2, which was 55.59%. With the increase
of the number of PWR, the sulfur content decreased. The ash
content during HTC-PWR2 was the lowest, reaching 1.93.
However, the ash contents of hydrochar under the other
conditions (except HTC-PWR2) were higher than that of
hydrochar under HTC-PWRO, which was caused by the
deposition of inorganic elements (Kambo et al, 2018). The
effect of HTC PWR on the volatile content was not significant
(p > 0.05), and their contents fluctuated within a specific range.
The fixed carbon contents of hydrochar after HTC-PWR1-6
were higher than that of the hydrochar after HTC-PWRO0. The
fixed carbon content of hydrochar of HTC-PWR3 was the
highest (18.53%), followed by those of HTC-PWR4 and
HTC-PWR2.

The oxygen-to-carbon (O/C) and hydrogen-to-carbon (H/
C) atomic ratios of WS hydrochar after PWR are depicted in
the form of a van Krevelen diagram (Figure 3). Arrows in
Figure 3 represent the change in the oxygen and hydrogen
contents by the dehydration and decarboxylation reactions.
The O/C and H/C ratios of HTC-PWRO hydrochar were the
highest. The O/C and H/C ratios of HTC-PWR2 hydrochar
were the lowest (Figure 3). During the process of HTC, the
dehydration and decarboxylation reactions caused the oxygen
and hydrogen contents to decrease, and then the carbon
content relatively increased. Solid fuels have coal-like
properties and are more beneficial to combustion when
their O/C and H/C ratios are lower because they can reduce

23
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~
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= 2t
-
L -
=
«
>
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=
=
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]
5020
-
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=
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FIGURE 4 | Effects of process water recirculation on HHV of wheat straw hydrochar.

Frontiers in Energy Research | www.frontiersin.org

March 2022 | Volume 10 | Article 846752


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al. Stepwise Microwave Synergistic Hydrothermal Carbonization

-

3
" 5000um " $U350015:0K¥16.8mm }1,&%;55 :

SU3500 15.0kV 16.5Mi x40k SE

3

LY

A7 :
Ne U ’) T .‘\; RO
|5U3500,15.0kV. 16:6mi, i1, 5OKSE A Al Soloume

FIGURE 5 | Contrast analysis diagrams of surface microstructures of wheat straw and hydrochar [(A) HTC-PWRO hydrochar, (B) HTC-PWR1 hydrochar, (C) HTC-
PWR2 hydrochar, (D) HTC-PWR3 hydrochar, (E) HTC-PWR4 hydrochar, (F) HTC-PWR5 hydrochar, (G) HTC-PWR6 hydrochar].
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TABLE 3 | Organic chemical compounds of liquid by-products after hydrothermal carbonization process water recirculation.

Process water Organic acids

Intermediate product

recirculation number

Acetic acid Glycolic acid Levulinic acid
(mg/ml) (mg/ml) (mg/ml)
0 1.35 + 0.01" 0.41 +0.02f 1.09 + 0.03f
1 1.56 + 0.01° 0.53 + 0.01° 1.11 £ 0.01°
2 3.59 + 0.12° 1.68 + 0.01° 1.18 + 0.01¢
3 3.62 + 0.03° 1.64 + 0.02° 1.19 + 0.01°
4 5.00 + 0.04° 2.42 + 0.02° 1.20 + 0.012
5 5.36 + 0.019 2.45 + 0.01¢ 1.25 + 0.01°
6 5.54 + 0.03% 2.67 + 0.012 1.27 £ 0.01°

The figures are the mean value tstandard deviation in the table.

Formic acid Lactic acid HMF (mg/ml) Furfurals (mg/ml)
(mg/ml) (mg/mi)
1.79 + 0.01 2.21 £ 0.01° 2.33 + 0.039 1.05 + 0.05'
1.94 +0.01° 2.52 + 0.01¢ 2.40 = 0.01" 1.21 £ 0.01°
2.44 + 0.04° 517 + 0.08° 410 + 0.01° 2.09 + 0.01°
2.43 £ 0.01° 5.18 + 0.02° 6.04 +0.012 3.99 + 0.012
2.98 + 0.02° 6.39 + 0.012 4.23 +0.01° 1.87 + 0.03°
2.94 + 0.01¢ 7.23 £ 0.01° 252 + 0.01° 1.47 +0.01¢
3.05 + 0.022 7.30 + 0.022 3.59 + 0.01¢ 2.05 + 0.01°

a, b, ¢, d, e, f, means followed by different superscripts in the same column are significantly different at p < 0.05.
a, b, ¢, d, e, f, means followed by the same superscripts in the same column are not significantly different at p > 0.05.
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FIGURE 6 | Effects of microwave energy activation on temperature-
rising property of wheat straw hydrochar [(A) HTC-PWR2 hydrochar; (B)
HTC-PWR3 hydrochar].

smoke, water vapor, and energy loss during combustion (Liu
et al, 2013). Therefore, HTC-PWR2 hydrochar had the
potential to become a high-value fuel.

3.1.3 Higher Heating Value

The variations in HHV of hydrochar in the process of HTC PWR are
reported in Figure 4. As shown in Figure 4, the HHV first went up,
and then it had a small reduction before reaching a steady state.
The HHV (21.72 MJ/kg) of HTC-PWR2 hydrochar was the
highest. These results were due to the degradation of cellulose,
hemicellulose, and lignin during the process of HTC PWR,
producing HMF with a high-energy bond. Meanwhile, the
dehydration and decarboxylation reactions could increase

the carbon content. These factors together caused the rise
in HHV (Ghaziaskar et al., 2019). However, with the increase
of PWR number, the HMF rehydrated to the compounds with
low calorific value, such as levulinic acid and formic acid,
which led to a decrease of HHV (Salak Asghari and Yoshida,
2006).

3.1.4 Surface Microstructures

The comparative analysis diagrams of the surface microstructure of
WS and its hydrochar were analyzed in Figure 5. The surface of
HTC-PWRO hydrochar was uneven with specific pores, and there
were many carbon microspheres on the surface. With the increase of
PWR number, the amounts of carbon microspheres increased. The
formation of carbon microspheres could increase the carbon content
of hydrochar (Ma et al., 2018; Zhang et al., 2019; Zhu et al., 2019).
Starting from HTC-PWR?2, the carbon microspheres began to melt.
The changes in the number of carbon microspheres were consistent
with the changes in the carbon content in Table 2, which was helpful
to improve the fuel characteristics of WS hydrochar. More pores
appeared on the surface of hydrochar with the increase of PWR
number, which led to the small molecular compounds produced in
HTC reaction being more likely to be deposited on hydrochar, thus
increasing the mass yield of hydrochar (Reza, 2011; Reza et al., 2013;
Uddin et al,, 2014).

3.1.5 Characteristics of Liquid By-Products

The organic chemical compounds in liquid by-products during the
process of HTC PWR were reported in Table 3. In this experiment,
formic acid, acetic acid, and lactic acid in liquid by-products were
organic acids with relatively high concentrations. These were due to
the fact that acetic acid and formic acid were considered the stable
final products in the liquid by-products during the HT'C process (Jin
et al, 2005). Simultaneously, the organic acids were stable in acidic
high-temperature reactions and only dissolved in a liquid (KneZzevi¢
et al,, 2009), which accumulated with the increase of PWR number.
As shown in Table 3, with the rise in the number of HTC PWR, the
concentration of all kinds of organic acids increased. The increase of
organic acids could catalyze the dehydration and decarboxylation
reactions during the HTC PWR process, which was conducive to the
rise of the carbon content of hydrochar and the improvement of
HHYV (Funke and Ziegler, 2010; Ibbett et al., 2011).

Frontiers in Energy Research | www.frontiersin.org 7

March 2022 | Volume 10 | Article 846752


https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles

Zhang et al. Stepwise Microwave Synergistic Hydrothermal Carbonization

TABLE 4 | The mass and energy vields of wheat straw hydrochar after microwave energy activation.

Sample Mass yield (%) Energy vyield (%)

HTC-PWR2 hydrochar HTC-PWR3 hydrochar HTC-PWR2 hydrochar HTC-PWR3 hydrochar
MEA800-4 39.39 + 0.217 38.21 + 0.19° 45.40 + 1.35° 42.39 + 1.22°
MEA900-4 37.91 + 0.32° 36.57 + 0.21° 46.18 + 0.99% 42.88 + 0.39%
MEA1000-4 35.81 + 0.19° 33.98 + 0.21° 44,02 + 1.78° 41.46 + 0.51°
MEAQ00-2 38.05 + 0.57° 37.16 + 0.67° 44.44 +2.01° 41.90 + 0.76°
MEA900-6 36.57 + 0.99° 35.01 + 0.39° 42.80 = 0.19° 40.69 + 0.89°

The figures are the mean value +standard deviation in the table.
a, b, ¢, d, e, means followed by different superscripts in the same column are significantly different at p < 0.05.
a, b, ¢, d, e, means followed by the same superscripts in the same column are not significantly different at p > 0.05.

TABLE 5 | The proximate analysis and higher heating value of wheat straw hydrochar after microwave energy activation.

Sample Proximate analysis (w.t. %) Higher heating value (MJ/kg)
Ash Volatile Fixed carbon HTC-PWR2 HTC-PWR3

HTC-PWR2  HTC-PWR3 HTC-PWR2 HTC-PWR3 HTC-PWR2 HTC-PWR3 hydrochar hydrochar
hydrochar hydrochar hydrochar hydrochar hydrochar hydrochar

MEA800-4 3.12 + 0.07° 4.89 + 0.212 75.99 + 0.669 75.01 + 0.75¢ 19.78 + 0.99¢ 18.20 + 1.22¢ 22,66 + 1.129 21.81 + 0.22°

MEA900-4  2.69 + 0.112 517 + 0.159 72.36 + 0.91° 7217 £1.12° 23.95 + 0.65° 21.67 + 1.27° 23.95 + 0.78° 23.05 + 0.65°

MEA1000-  3.01 + 0.09° 5.07 + 0.09° 70.19 + 1.222 70.55 + 1.69° 25.96 + 1.19° 23.27 + 0.66° 24,17 + 0.332 23.99 + 0.98°

4

MEAQ00-2  3.25 + 0.15¢ 4.97 + 0.06° 76.21 + 0.71° 7712 £ 0.77° 19.33 + 0.96° 16.90 + 1.58° 22.96 + 1.96¢ 22.17 + 0.19¢

MEA900-6  3.19 + 0.21° 551 + 0.22° 7516 + 1.11° 74.33 + 1.67° 20.27 + 0.77° 19.08 + 0.31° 23.01 + 0.55° 22.81 + 0.22°

The figures are the mean value +standard deviation in the table.

a, b, ¢, d, e, means followed by different superscripts in the same column are significantly different at p < 0.05.
a, b, ¢, d, e, means followed by the same superscripts in the same column are not significantly different at p > 0.05.

HMF and furfurals were the intermediate products of degradation
of cellulose, hemicellulose, and lignin during the HTC process. Their
concentrations firstly increased and then decreased with the increase
of PWR number (Table 3). The variation trend of HMF
concentration was consistent with the changing of the mass yield
of hydrochar (Table 1), indicating that HMF played a specific role in
increasing the mass yield of hydrochar. It is shown that HMF could
be polymerized into heavier compounds and deposited on the surface
of hydrochar during the HTC PWR process, thus increasing the mass
yield of hydrochar (Castello et al., 2015). HMF has various value-
added applications in the chemical and biological regeneration
industry (Kambo et al, 2018), and its recycling also has great
utilization value. Therefore, there were some valuable products in
the liquid by-products after HTC PWR, which could catalyze HTC to
improve WS hydrochar. These products also could be recycled and
applied to biochemical production.

3.2 Effects of Microwave Energy Activation
on Temperature-rising Properties of Wheat
Straw Hydrochar

Effects of different microwave power and microwave activation
duration on temperature-rising properties of WS hydrochar are
shown in Figure 6. With increasing microwave power or
microwave activation duration, the temperature-rising properties

of HTC-PWR2 hydrochar and HTC-PWR3 hydrochar
significantly increased. Under the conditions of high microwave
power and long microwave activation duration, changes in the
temperature of hydrochar were not significantly obvious. Thus, in
order to save energy and reduce consumption, the activation of
hydrochar could be carried out under the condition of MEA1000-4.
The temperature-rising properties of wheat straw hydrochar were
significantly different under the conditions of various PWR (Figures
6A,B). The temperature-rising property of HTC-PWR2 hydrochar
was much higher than that of HTC-PWR3 hydrochar.

3.3 Effects of Microwave Energy Activation
on Fuel Properties of Wheat Straw
Hydrochar

Effects of different microwave power and microwave activation
duration on the mass and energy yields of WS hydrochar are
listed in Table 4. With the increase of microwave power or the
extension of microwave activation duration, the mass yield of
hydrochar decreased. With increasing microwave power, the
energy yield of HTC-PWR2 hydrochar decreased. With the
extension of microwave activation duration, the energy yield
firstly increased and then decreased. The energy yield (46.18%)
of HTC-PWR2 hydrochar was the highest under the condition of
MEA900-4. The energy yields of HTC-PWR2 hydrochar were
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much higher than those of HTC-PWR3 hydrochar under the same
condition of microwave power and microwave activation duration.

Effects of different microwave power and microwave activation
duration on proximate analysis and HHV of WS hydrochar are
listed in Table 5. The ash contents had significant differences under
the various microwave conditions, which were lower in HTC-PWR2
hydrochar than those in HTC-PWR3 hydrochar. The ash content
(2.69%) of HTC-PWR2 hydrochar was the lowest under the
condition of MEA900-4. The volatile contents of hydrochar
decreased and their fixed carbon contents and HHV increased
with the increase of microwave power. The volatile content
(70.19%) of HTC-PWR2 hydrochar was the lowest, its fixed
carbon content (25.96%) and HHV (24.17 MJ/kg) were the
highest under the condition of MEA1000-4. The proximate
analysis and HHV between HTC-PWR2 hydrochar and HTC-
PWR3 hydrochar were different under the same microwave
conditions, indicating that different PWR numbers had effects on
the properties of hydrochar modified by microwave. In conclusion,
the fuel properties of hydrochar were improved after MEA.

4 CONCLUSION

The mass yield (58.25%) and energy yield (71.84%) of hydrochar
were the highest under the condition of HTC-PWR3, which
increased by 14.91% and 17.54% compared with that under the
condition of HTC-PWRO, respectively. After HTC-PWR2, the
carbon content (55.59%) and HHV (21.72 MJ/kg) were the
highest, and the ash content (1.93%) was the lowest. After HTC-
PWR3, the fixed carbon content (18.53%) was the highest.
According to the analysis of O/C and H/C ratios, HTC-PWR2
hydrochar has the potential to become a high-value fuel. With the
increase of PWR times, carbon microspheres firstly increased and
then melted, and much more pores appeared on the surface of
hydrochar, and the concentration of all organic acids increased, and
the concentrations of HMF and furfurals firstly increased and then
decreased, which were conducive to the rise of carbon content, the
improvement of HHV, and the changing of mass yield.

With the increase of microwave power or the extension of
microwave activation duration, the temperature-rising properties
of hydrochar significantly increased. The energy yield (46.18%)
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