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Abstract: Biomass energy is becoming increasingly important, owing to the decreasing supply of
fossil fuels and growing environmental problems. Hydrothermal carbonization (HTC) is a promising
technology for producing solid biofuels from agricultural and forestry residues because of its lower
fossil-fuel consumption. In this study, HTC was used to upgrade red jujube branch (R]JB) to prepare
hydrochar at six temperatures (220, 240, 260, 280, 300, and 320 °C) for 120 min, and at 300 °C for 30,
60, 90, and 120 min. The results showed that the energy recovery efficiency (ERE) reached maximum
values of 80.42% and 79.86% at a residence time of 90 min and a reaction temperature of 220 °C,
respectively. X-ray diffraction results and Fourier transform infrared spectroscopy measurements
show that the microcrystal features of R]B were destroyed, whereas the hydrochar contained an
amorphous structure and mainly lignin fractions at increased temperatures. Thermogravimetric
analysis shows that the hydrochar had better fuel qualities than RJB, making hydrochar easier to burn.

Keywords: red jujube branch; hydrothermal carbonization; hydrochar; energy recovery efficiency;
solid fuel

1. Introduction

Fossil-fuel combustion increases CO, emissions, leading to global warming. The development
of renewable energies, such as biomass energy, has the potential to reduce the global dependence on
fossil fuels [1]. With the development of the Xinjiang jujube industry in China, the output of red jujube
branch (R]JB) exceeded 1.9 million tons in 2012. R]B is the by-product of the development of the jujube
industry. It has a high lignocellulose content, which is an excellent renewable biological resource.
However, biomass disposal has become a contentious issue. When hydrochar is used as a solid fuel,
it helps reduce NOy emissions during the combustion of conventional energy sources [2]. Recently,
hydrothermal carbonization (HTC) has helped increase bio-energy production efficiency, and HTC has
received attention owing to its ability to convert organic waste into solid fuel [3-5]. The pathway to
convert agricultural and forestry residues into solid fuels may be a viable RJB treatment method for
reducing environmental pollution from R]B, while also providing new energy sources [6].

Compared with the biomass treatment technology of pyrolysis and combustion, HTC has the
advantages of low energy input and mild reaction conditions [7]. Therefore, HTC is a good approach
to convert biomass feedstocks to upgraded solid products or high-performance fuels. RJB has great
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potential as a raw material for the production of hydrochar [8]. Thus far, although R]B is a typical
biomass in northwestern China, there have been few studies on the HTC of R]JB for hydrochar
production. Hydrochar can specifically be used as a solid fuel, activated carbon, and in other such
applications. Presently, many studies focus on the HTC of other biomass [9-12].

In this study, the effects of modifying the reaction conditions of HTC on hydrochar production
was examined. The results were analyzed to comprehensively evaluate the effect of temperature and
time on product characteristics. The main objectives of this study are: (1) to report on the study of
the structural and morphological properties of the hydrochar; (2) discuss the investigation of the
combustion behavior of the hydrochar; and (3) report on the study of the fuel properties and combustion
performance, as well as the evaluation of the optimal reaction conditions for the preparation of the
hydrochar. The research results of RJB can provide readers with a deeper understanding of the HTC of
RJB to prepare the hydrochar and provide a theoretical basis for the energy utilization of RJB. In terms
of the efficient utilization of energy, the HTC of R]B seems to be a viable pathway.

2. Materials and Methods

2.1. Materials

The RJB used in the experiment was sourced from Alar City, Xinjiang Uygur Uyghur Autonomous
Region. The industrial analysis of the red jujube branch is shown in Table 1.

Table 1. The physical and chemical properties of red jujube branch (R]B).

Proximate Analysis (%)
Sample Moisture (%) Heating Value (M] kg™1)
Fixed Carbon  Volatile Matter Ash

RJB 8.85 17.91 73.57 25 19.06

2.2. HTC Experiment

HTC was conducted in a laboratory-scale 500-mL high-pressure reactor using a magnetic stirrer
(Parr 4575HP/HT, USA). The reactants were mixed to form a slurry, with RJB and distilled water at
a ratio of 1:10 (w/v). The sample was stirred at a rate of 300 rpm throughput the experiment using a
magnetic actuator with constant torque. Meanwhile, the heating rate was set at 10 °C/min. Then, the
autoclave was pressurized to 4.0 MPa with nitrogen. The slurry used in each experiment was weighed
and then poured into the reactor. The reactor was then sealed with a reactor cover and purged with
nitrogen to remove the air. The control system was then turned on to set the temperature required for
the reaction. The temperature inside the reactor was monitored continuously. The reaction residence
time was calculated based on the instant the temperature of the reactor reached the required value. The
effect of the reaction temperatures of 220, 240, 260, 280, 300, and 320 °C on the HTC of RJB was studied
at a residence time of 120 min. In addition, the effect of the residence times of 30, 60, 90, and 120 min
on the HTC of R]B was investigated at a reaction temperature of 300 °C. The control system was shut
down after completion of each HTC experiment. After the reactor was rapidly cooled, the reactor cover
was opened, and the reaction product was collected in a beaker. Finally, the weight of the collected
product was recorded. The solid product was separated from the process water using a vacuum
suction filter. The weights of the separated solid and liquid products were recorded. The solid and
liquid yields were calculated using the ratio of the weight of the solid and liquid products, respectively,
to the initial weight of the raw slurry. The gas yield was calculated using the difference [13]. Each test
was conducted three times, and the average of the three tests was used as the test value. The energy
recovery efficiency (ERE) was calculated as the ratio of the calorific value of dry hydrochar and raw
materials to the mass yield.

Weight of solid after filtration
Weight of raw slurry

Solid yield = 1)
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Weight of liquid after filtration

Liquid yleld = Weight of raw slurry @
Mass yield — .Weight of dry. matter in. hydrochar . 3)
Weight of dry solid matter in raw material
Energy recovery efficiency = Calorific value of hydrochar X Mass yield 4)

Calorific value of raw material

2.3. Analytical Method

A powder sample with a particle size of 250 um was prepared by sieving for testing. Proximate
testing was performed on a YX-GYFX 7701 automatic industrial analyzer. The higher heating values of
the sample were measured by a YX-ZR bomb calorimeter. The Fourier transform infrared spectroscopy
(FT-IR) test of the sample was performed using a Thermo Fisher Nicolet iS10 FT-IR spectrometer.
The tableting sample was prepared using dry potassium bromide to reduce the interference of water.
Spectrum data were recorded over a wavenumber range of 4000 to 400 cm™! at a resolution of 4 cm™!.
Thermogravimetric analysis (TGA) of RJB and hydrochar was performed using an STA 449 F5 Jupiter®
thermogravimetric analyzer. The data of the mass loss and mass loss rate of the sample were obtained

under the analysis conditions shown in Table 2.

Table 2. Operating conditions for TGA.

TGA Conditions Value
Sample weight 8 mg
Heating rate 10 °C min™!
Atmosphere Air
Gas flow rate 30 mL min~!
Starting temperature 30°C
Final holding temperature 800 °C

3. Results and Discussion

3.1. Product Distribution

The effect of residence time on the three-state yield was studied. The three-state yield results are
shown in Figure 1a—c. From 30 to 120 min, the solid yield showed an upward trend; however, both
the liquid and gas yields showed downward trends. When the residence time reached 120 min, the
solid yield reached a maximum value of 23.42%. The increase in residence time is mainly due to the
decrease in solid yield. In the experimental group, longer residence times may allow more time for the
hydrothermal reaction, resulting in an increased pore structure of hydrochar and the adsorption of
more liquid, which may be the reason for the increase in the solid yield [13,14].
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Figure 1. Effect of residence time (300 °C) and reaction temperature (120 min) on the yield of solid,
liquid, and gas. (a) Solid yield; (b) liquid yield; (c) gas yield; (d) solid yield; (e) liquid yield; (f) gas yield.

Numerous studies have evaluated the HTC of RJB. Heilmann et al. studied the HTC of distiller’s
grains at an initial reaction pressure of 1.72 MPa. The results showed that the highest hydrochar yield
was 45.6% at a temperature of 190 °C and residence time of 2 h. The lowest hydrochar yield was 30.2%
at a temperature of 210 °C and residence time of 0.5 h [15]. Elaigwu et al. investigated the HTC of
lignocellulosic waste material at a reaction pressure of 1.80 MPa. The results showed that the highest
hydrochar yield was 37.87% at a temperature of 200 °C and residence time of 2 h. The lowest hydrochar
yield was 30.6% at a temperature of 200 °C and residence time of 20 min [16]. The yield of our study
was lower than those of reports, which is mainly attributed to the following three reasons. First, within
the investigated parameters, longer residence times resulted in more complete carbonization, and
consequently lower hydrochar yields [17]. Second, the reaction temperature significantly affected
the physicochemical properties of the water (subcritical water) in the HTC process. The density of
water changed up to one order of magnitude depending upon the temperature (0-350 °C), which
allowed easier penetration of water in porous media and resulted in enhanced decomposition of the
biomass [18]. Finally, oxygen was lost during the liquefaction reactions, which are parallel reactions to
the hydrothermal process of the biomass [16].

The reaction temperature affected the HTC. The three-state yield results are shown in Figure 1b—{.
With the increase in reaction temperature, the solid yield first increased, then decreased, and finally
stabilized. With the increase in temperature from 220 to 320 °C, the liquid and gas yields showed
downwards and upwards trends, respectively. The solid yield reached a maximum value of 21.82% at
the reaction temperature of 240 °C; this may be due to the higher temperature causing the raw material
to further decompose into a liquid phase, resulting in a lower solid yield. The reaction temperature,
residence time, and material properties are the main factors in the HTC process [14].

3.2. Energy Recovery Efficiency

Energy was used in the HTC process to improve the fuel properties of the products [15]. Figure 2
shows the hydrochar ERE and heating value results. Therefore, the HTC process was evaluated by ERE,
which was affected by the reduced product yield and increased heating value (Figures 1 and 2) [19]. The
ERE of hydrochar after residence time treatment is shown in Figure 2a. The ERE trend is inconsistent
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with the solid yield over time. The ERE first increased and then decreased with increasing residence
time. The ERE reached a maximum value of 80.42% for a residence time of 90 min.

85

80+

©
=}
1

754

~
a
1

704

Energy Recovery Efficiency /%
Energy Recovery Efficiency /%

65

70 T T T T T
20 40 60 80 100 120

T T T T T T
220 240 260 280 300 320
Time /min Temperature /'C
(a) (b)
35 -
. -
g D
Y >
= =
Q Q
3 3
S 30 S 304
2 2
s ©
Q
£ I
5 3
£ 5
T I
25 T T T T T % T T T T T T
T T i T i 220 240 260 280 300 320
20 40 60 80 100 120 T ;
. . emperature /_
Time /min P
() (d)

Figure 2. Energy recovery efficiency and higher heating value of hydrochar after hydrothermal
carbonization (HTC) treatment (residence time (300 °C) and reaction temperature (120 min). (a)
Residence time; (b) reaction temperature; (c) residence time; (d) reaction temperature.

As shown in Figure 2b, the effect of reaction temperature on ERE was studied. In contrast to
the solid yield, the ERE was inconsistent with the reaction temperature. The ERE decreased and
then increased with increasing reaction temperature. The ERE reached a maximum of 79.86% for the
reaction temperature of 220 °C during the HTC process because the decarboxylation and dehydration
reactions increased the temperature [19,20]. For lignocellulosic biomass, ERE generally decreased with
increasing reaction temperature, which is consistent with the findings of Kambo [21].

The heating value of hydrochar increased with increasing reaction temperature. In addition,
the solid yield was reduced owing to a decrease in the volatile-matter content caused by chemical
dehydration and decarboxylation reactions (i.e., excluding COy) [19,22,23].

Therefore, the maximum ERE can be obtained under optimal temperature conditions during
HTC [24-27]. ERE is an important factor in evaluating the production of hydrochar by HTC. The
highest ERE is used to represent the optimum reaction temperature during HTC [28].

The effect of residence time and reaction temperature on the heating value of hydrochar is shown
in Figure 2c,d. The results indicate that the heating value of hydrochar follows the order 90 min >
60 min > 120 min > 30 min, and the highest heating value is 31.57 MJ kg~!. For identical treatment
temperatures, the heating value of hydrochar increased with increasing residence time, but the heating
value decreased more than 90 min. It is possible that the residence time was too long, which lead to
an increase in the ash content and a decrease in the volatile content of the hydrochar. The heating
value of hydrochar followed the order 320 °C > 280 °C > 260 °C > 300 °C > 240 °C > 220 °C, and the
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highest heating value was 30.00 MJ kg™!. Similarly, for identical residence times, as the treatment
temperature increased, the degree of removal of water or oxygen in the organic matter increased,
resulting in an increase in the heating value of the hydrochar. The result shows that the optimum HTC
temperature produced energy-rich solid fuels. Because lignin is the most abundant compound in RJB,
HTC improves the heating value of lignin and the solid yield.

3.3. Characterization of R]B and Hydrochar

As shown in Figure 3a, the test results of the hydrochar obtained from the residence time and
RJB contain broad peaks between 10° and 30°, which may be due to the diffraction of amorphous
carbon [27,29]. This suggests that the R]B was carbonized. There are two crystalline peaks on R]B,
which are the cellulosic peaks at 22.7° and 30.36°, respectively [30]. However, hydrochar has no
crystalline peak at 30.36°, which may be due to the fact that hydrochar contained mainly amorphous
components [31]. The results indicate that the crystalline structure of hydrochar was destroyed.

mﬂ’ I ‘ | ‘ 120 min WWW = e ‘

" 1 ‘1 ‘ vl ‘ min “”""ﬂ Lo i, it ' e P, 00

WI WNM ‘ T o ?0 ; &‘F ‘ " . 280 7
‘ ' 60 min
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Figure 3. XRD spectra for RJB and hydrochar produced by HTC. (a) Residence time; (b) reaction temperature.

The XRD patterns for hydrochar obtained from the reaction temperature and RJB were compared,
as shown in Figure 3b. There are two sharply crystalline cellulosic peaks from the cellulose crystal
structure of RJB at 22.7° and 30.36°; however, there is no peak at 30.36° in the hydrochar, indicating
that it contained mainly amorphous components. The decomposition of cellulose in RJB occurred
during HTC, which realized the transformation of hydrochar from a microcrystalline structure to a
non-crystalline structure. The main component of the hydrochar product obtained by HTC was lignin,
which has an amorphous structure [32].

The FT-IR spectra of R]B and hydrochar are shown in Figure 4. The FI-IR spectra of hydrochar
obtained from the residence time and reaction temperature are similar, differing only in the intensity of
some peaks. The FT-IR spectrum of hydrochar was similar in part to that of R]B. The FT-IR spectra
indicated that all samples contained an -OH functional group at 3500-3300 cm™".
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Figure 4. FT-IR spectra of RJB and its derived hydrochars. (a) Residence time; (b) reaction temperature.

The peak intensity exhibits no clear changes with increasing residence time (or reaction
temperature), which confirms that -OH was not decomposed during HTC, as shown in Figure 4a or
Figure 4b. The C-H stretching vibration at 30002800 cm~! was attributed to either -CH, or -CHj
functional groups, and the intensity of the peak indicates the presence of an aliphatic compound in
the hydrochar.

The stretching vibration peak of aliphatic C-H obtained from the hydrochar tended to increase
with residence time from 30 to 120 min (or from 220 to 320 °C; see Figure 4b), as shown in Figure 4a [33].
The peak at 1742 cm™! is derived from the ester C=0 stretching vibration of hemicelluloses and
lignin [34].

The ester carbonyl group of the spectrum of RJB at 1734 cm™! disappeared completely in the
hydrochar, which may be because of the decomposition under hydrothermal conditions, including
residence time or reaction temperature [35,36]. The peaks of R]B and all hydrochars around 1620 cm™!
correspond to the stretching vibration of the C=C of the aromatic groups in lignin [20], confirming
the stability of the aromatic structure of lignin [33]. This indicates that lignin does not completely
decompose under hydrothermal conditions [37].

D-xylose and cellulose have a C-O stretching vibration peak at 1000~-1200 cm™!, which means that
there was either an ether bond or a methoxy group [20,37]. This -O peak decreased or disappeared
with gradually increasing residence time (or reaction temperature), which may be attributed to the
decomposition of carboxyl groups during the HTC process [20,31,37]. In addition, previous studies
have shown that the C-O peak does not exist in the hydrochar components after HTC [20,33].

3.4. Combustion Behavior of Hydrochar

The thermogravimetry (TG) and derivative thermogravimetry (DTG) profiles of RJB hydrochar at
different hydrothermal temperatures are shown in Figure 5. Most of the hydrochars (except the raw
material) had a mass loss of more than 91% between 250 and 540 °C, and these hydrochars remained
relatively stable below 250 °C. The raw material had a mass loss of 90% in the range of 200 to 550 °C.
The maximum mass loss of the hydrochar occurred at approximately 460 °C, whereas the maximum
mass loss of the raw material occurred at 319 °C. The results show that the weight-loss temperature of
hydrochar moved to the high temperature zone after HTC, and HTC reduced the temperature range of
the combustion zone. This is because the hydrothermal reaction destroys the original structure of the
biomass, allowing some of the volatile components to dissolve in the water, producing a more stable
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aromatic carbon. In addition, the burnout temperature of the hydrochar is lower than that of the raw
material, making the hydrochar easier to burn out, which is beneficial for use as a fuel [37].
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Figure 5. TGA of red jujube branch hydrochar. (a) TG of residence time; (b) derivative thermogravimetry
(DTG) of residence time; (c) TG of reaction temperature; (d) DTG of reaction temperature. Note: The
raw material is abbreviated as RM.

According to the peak of the remaining mass of the TG and the DTG curve, the thermostability of
the treatment group was better than that of the raw material. The thermal stability increased with
increasing residence time and reaction temperature. This may be because the volatile matter was
reduced, and the fixed carbon was enhanced at higher temperature and longer residence times; these
are the main factors affecting thermal stability [30]. HTC can cause many cracks in the hydrochar
structures (Figure 5). Therefore, the combustion temperature of hydrochar is more concentrated [28].

The raw material is referred to as RM.

4. Conclusions

The fuel qualities of the produced hydrochars were evaluated by ERE. The results confirmed that
RJB can produce hydrochar products with a higher ERE than RJB by HTC. ERE also increases with the
increase in the severity of HTC reactions (longer time and higher temperature). Studies have found that
the ERE of the hydrochar increased at higher reaction temperatures; however, most can be achieved at
moderate temperatures. The experimental results showed that the ERE reached maximum values of
80.42% and 79.86% at a residence time of 90 min and a reaction temperature of 220 °C, respectively.
The FT-IR and XRD measurements were used to obtain information about the chemical structure and
thermal properties of the related hydrochar. The results showed that the microcrystal features of RJB
were destroyed, and the hydrochar contained an amorphous structure and mainly lignin fractions at
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increased temperatures. TGA showed that the hydrochar has better fuel qualities than the R]JB. For
example, the burnout temperature and combustion temperature range of hydrochar decreased, making
hydrochar easier to burn.
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