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Hydrothermal carbonization has been proven to improve the fuel properties of low-
ash straw biomass. To explore the effect of hydrothermal carbonization on high-ash
straw biomass, the fuel properties and combustion behavior of hydrochar prepared
by high-ash rice straw and corn straw at different temperature were studied. The
results showed that increased reaction temperature could improve the C content,
fixed carbon, heating value, and fuel ratios (FC/VM) in high-ash straw hydro-
chars, which is similar to the change trend of low-ash biomass. The hydrochar pre-
pared at 260 °C has similar H/C and O/C atomic ratios and FC/VM to lignite. In
addition, the highest energetic recovery efficiency is obtained at 200 °C. While at
180 °C, the comprehensive combustion characteristic index of the hydrochar is the
best, which is 5.04 - 10" [min’K?] and 6.42 - 107" [min~K7]. In addition, the C
content in the hydrochars at 180 °C was lower than the raw material, and the ash
content increases with the reaction temperature, which is quite different from the
low-ash biomass. In conclusion, the hydrothermal carbonization could improve the
fuel quality of high-ash straw, while its ash content remains at a high level.
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Introduction

As an agricultural country, China is rich in crop straw biomass resources, which are
an important part of agricultural waste [1]. In 2018, China’s crop straw output was about 865
millionns, including rice, wheat, corn, beans and potato straw [2]. As a kind of easily accessible
renewable resources, they have great potential for energy utilization, which is equivalent to
about 2.54 - 103 KJ [3]. It could provide a way for realizing China’s carbon emission peak and
carbon neutrality [4].

How to use crop straw biomass for energy utilization have attracted the attention of
many scholars. At present, various methods for straw biomass energy utilization have been
proposed and studied, including direct combustion or combined combustion for power gen-
eration, and indirect use, such as hydrothermal carbonization (HTC), pyrolysis, liquefaction
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and gasification. When directly used as a fuel, compared to traditional fossil fuels, biomass,
especially crop straw, has many disadvantages like low energy density, high ash content and
high moisture content. In addition, crop straw has a low bulk density, which will result in an
increment in storage and transportation cost [5]. Moreover, high alkali metal content, alkaline
earth metal content, and silicon content in crop straw biomass would contribute to slagging
and fouling of heat transfer surfaces, reducing overall thermal efficiency when it was directly
burned [6]. Thus, more attention was paid to the study on the biomass indirect use method
development and optimization, to improve its heating value and density, and decrease its ash
content, moisture and so on.

As an emerging indirect use method, HTC technology, which is performed at mild
reaction temperatures (180-260 °C) and pressure (autogenous pressure, 2-6 MPa) with water
as the reaction medium, has been researched in many studies on the energy utilization of some
lignocellulosic biomass, especially for low-ash crop straw [7, 8]. The HTC treatment could
convert low-ash straw biomass into homogencous, low-moisture and high-density solid fuel,
with the ignition temperature and burnout temperature of hydrochar shifting to a higher tem-
perature compared to the feedstock, and the chemical and combustion properties of the hydro-
char are improved [9-11]. In some studies, it is found that the energy density of hydrochar, the
solid product of HTC, is close to peat and lignite, and it could be used as clean fuel for direct
combustion [12]. During HTC, biomass underwent hydrolysis, dehydration, decarboxylation,
aromatization and recondensation reactions, in which dehydration and decarboxylation can re-
duce the H/C and O/C ratios of biomass, thus forming high value-added products, such as solid
fuel and electrode materials [13-16]. In addition, it is proved that the HTC process is mainly
affected by reaction temperature [4].

However, there are few studies on high-ash biomass, and the conclusions of relative
research are not uniform at present. Khoo et al. [17] conducted HTC research on high-ash mi-
croalgal biomass and found that the hydrochar had a higher heating value (HHV), which was
proximately two-times higher than that of raw biomass. However, Xu et al. [18] found that after
HTC of high ash rice husks, the ash content of the hydrochars increases greatly, but the heating
value increases less. Therefore, it is necessary to continue related research.

In order to develop the different reaction conditions that can be applied to convert
high-ash crop straw to clean fuel, the effects of reaction temperature on the physicochemical
properties and combustion behavior of hydrochar produced by high-ash crop straw were test-
ed and analyzed. The properties and combustion characteristics of hydrochar were studied by
proximate analysis, ultimate analysis, Fourier transform infrared spectroscopy analysis, and
thermogravimetric analysis. The research results of this study could provide an important the-
oretical basis for the design and optimization of the high ash crop straw HTC technology in
energy applications.

Materials and methods

Experimental materials and hydrothermal
carbonization treatment

Rice straw (RS) and corn straw (CS) with a particle size of 200 mesh (less than
75 pm), produced from Lianyungang City, Jiangsu province, China, would be used in the ex-
periment. Before the experiment, RS and CS straw powders were dried at 105 °C for 24 hours.
In order to prepare hydrochar samples, the HTC experiments of RS and CS were
carried out by using an autoclave (FCF-1L, Shanghai Qiuzuo Scientific Instrument Co., Ltd.,
China). Firstly, 50 g straw powder and 500 ml deionized water were mixed and poured into the
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autoclave. Seal the autoclave and purge it with high-purity nitrogen to discharge the air. The
reactor is heated to the preset reaction temperature. Then, the reaction temperature was kept
for 60 minutes. The stirring speed is 500 rpm during the HTC process. After the reaction was
completed, the autoclave was fast-cooled to the ambient temperature by water (below 50 °C).
The solid matter in the mixture was filtered out and dried at 105 °C for 24 hours to obtain a
hydrochar sample for subsequent analysis. To analyze the effects of reaction temperature on hy-
drochar, the experiments of control variables were carried out under five reaction temperatures
(180 °C, 200 °C, 220 °C, 240 °C, and 260 °C), respectively.

Analytical methods

— Ultimate analysis, proximate analysis and HHV

The ultimate analysis and proximate analysis of hydrochar were tested by ultimate
analyzer (EA3000, EURO, USA) and automatic proximate analyzer (TGA701S4C, LEGO,
USA). The content of oxygen (O) and fixed carbon (FC) is obtained by subtraction method. The
high heating value (HHV, KJ/kg) is calculated by egs. (1) [19]:

HHV =3.55C* —232C - 2230H +51.2C x H + 131N +20600 (1)

where C, H, and N are the carbon, hydrogen, and nitrogen contents of RS and CS biomass or
hydrochar, respectively, expressed as a percentage of dry basis.
— Fuel analysis

Hydrochar yield My [%], energy densification Ep, energetic recovery efficiency
Ey [%] was determined:

m
M, :%xwo [%] )
HHVh drochz
E — ydrochar 3
? HHI/raw ( )
E, =M, xE, [%] (4)

where Myydrocher 1S mass of hydrochar, m,,,, — mass of raw sample, HHV,y40enar — high heating value
of hydrochar, and HHV,,,, — high heating value of raw sample.
— Fourier transform infrared spectroscopy (FTIR)

The FTIR was an effective method to investigate the functional group of solid sample.
The functional group of hydrochar was investigated by a FTIR spectrometer. The sample was
scanned in 4000-400 cm™ region with a resolution of 4 cm™, and 4 scan.

— Thermo-gravimetric analysis

The comprehensive thermal analyzer (HCT-4, Beijing Hengjiu Experimental Equip-
ment Co., Ltd., China) is employed for TGA testing. The sample mass is 5 + 0.5 mg, the tem-
perature range is from ambient temperature to 800 °C, the heating rate is 10 °C per minute, and
the air-flow rate is 100 ml per minute.

Based on the TG-DTG curve, the tangent method is used to determine the combustion
parameters of straw biomass, such as ignition temperature, 7;, burnout temperature, 7,, maxi-
mum weight loss rate, DTG, and temperature, Ty.x, and corresponding to DTGy« [20].

— Determination of combustion characteristic index

The comprehensive combustibility index, Sy, [21] and decrement of flammability in-
dex, Sy, [22] are effective indicators for evaluating the combustion characteristics of samples,
with the specific meanings as follows.
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Comprehensive combustibility index Sy [10™"'minK=] represents the comprehensive
combustion characteristics. The larger the Sy means the better the comprehensive combustion
characteristics of the fuel. The Sy was calculated using:

D TGmax >< DTGmean 5
T (5)

where DTG .., [% per minute] is the average weight loss rate, which is the average weight loss
rate from the beginning to the end of the weight loss of the sample:
a -
DTG, =f-—"

Sy =

where £ is the heating rate, taking 10 °C per minute, o; [%] — the percentage of remaining sam-
ples corresponding to the ignition temperature point, and a;, [%] — the percentage of remaining
samples corresponding to the burnout temperature point.

Flammability index S, [10"min"'K™?] is the parameter of combustion reaction ca-
pacity after the fuel reaches 7; in the early stage of reaction. The larger the S,, means the better
flammability. The S, was calculated using:

DTG,
S, =" (6)

— Combustion kinetics analysis

The activation energy, E, and pre-exponential factor, 4, of biomass hydrochar com-
bustion was determined by Coats-Redfem method, which is widely used in the researches of
combustion kinetic parameters [4, 10]. This method is a mathematical model for calculating the
TG parameters of constant heating rate. The calculation model:

1-(1-a)”  ART? [1_ 2RT}E/RT
l-n PE E

where A [min'] is the pre-exponential factor, a — the degree of conversion, which can be ob-

tained from the TG tests, n is the order of reaction, R [8.314 Jmol 'K'] — the gas constant,

T [K] — the temperature, and  [Kmin™'] — the heating rate.

Solid fuel combustion is a very complex process and can be thought of as a simple re-
action sequence step: Hydrochar + O, — CO,+ H,0. The entire combustion process is divided
into two combustion stages where volatiles are released and the fixed carbon is burned. Each
combustion stage is considered to be a single first-order chemical. Thus, the kinetic equations
of these two-stages are fitted with the reaction order n = 1, and the Coats-Redfern method was
used to calculate the kinetic parameters [23, 24]:

IH{M}Z_ELH{A_RLI_R_TH ®
T RT BE E

As term 2RT/E << 1, In[AR/BE(1 — 2RT/E)] could be regard as a constant. According
to the equation of kinetic principle, when the reaction order n = 1, In[-In(1 — «)/7?] can be fitted
with 1/7T to form a straight line [4]. Plotting the value on the left side of eq. (8) against the value
of 1/T (the temperature was selected from the temperature range of volatile release combustion
stage and fixed carbon combustion stage) and fitting a straight line to these data, the £ from
the slope was determined. Due to S and R are constant. The pre-exponential constant, 4, can
be calculated from the intercept. In addition, the correlation coefficient, R?, in the calculation

()




Sui, Z., et al.: Effect of Hydrothermal Carbonization Temperature on Fuel ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2651-2664 2655

process is all above 0.95, indicating that this order of reaction kinetics can be used to study the
combustion kinetics of straw and hydrochars [4, 10, 25].

Results and discussion

Hydrochar yield, energy densification,
energetic recovery efficiency

The effect of temperature on the My, Ep, and Ey was shown in tab. 1. It is shown that
the My decreases, the Ej, slightly increases as the growth of reaction temperature. To be spe-
cific, the My of RS and CS hydrochars decreased by 15.36%, 16.85%, respectively, when the
temperature increased from 180-260 °C. It is mainly because hemicellulose (decomposed at
180 °C) and cellulose (decomposed at 220 °C) were decomposed into monomers and oligo-
mers, and more matter could be decomposed with the temperature increase [21]. The £, of RS
and CS hydrochars slightly increased 0.11 and 0.18, respectively, from 180-260 °C. It could
be attributed to the decomposition of cellulose and hemicellulose in the HTC process, while
increases the relative content of lignin, and the higher content of lignin increases its energy
densification [26]. The reaction temperature benefited in the upgradation of £,. Based on the
My and Ep values, the Ey of hydrochars was calculated and shows a trend of first increasing
and then decreasing with the increase of reaction temperature. Thus, it is suggested that higher
reaction temperature has negative effect on the £y of hydrochars.

Table 1. Effect of reaction temperature on My, Ep, Ey

Sample My [%] Ep Ey [%]
RS180 65.56 0.98 64.39
RS200 65.01 1.02 66.62
RS220 62.30 1.04 64.82
RS240 55.97 1.07 59.68
RS260 50.20 1.09 54.90
CS180 61.74 1.00 61.74
CS200 60.94 1.06 64.39
CS220 57.76 1.07 61.90
CS240 52.31 1.10 57.69
CS260 44.89 1.18 53.12

Ultimate and proximate analysis

The ultimate and proximate analysis results (dry basis) at different reaction tempera-
tures were listed in fig. 1, and S content was not shown in fig. 4 because it could not be detected
in RS and hydrochars. During the HTC process, the C content was changed significantly com-
pared with the raw materials. The C content in the hydrochar slightly decreased at 180°C. When
the temperature continues to increase, it generally shows an upward trend. Under the condition
of 260°C, the C content of RS and CS hydrochars increased to 43.03% and 51.13%, respective-
ly. The law in the HTC of straw biomass is different from the consistent rising law in the study
of Ma et al. [10] which could be due to ash content variations in the raw materials. As shown
in fig. 1(b), the proximate analysis found that the FC content in the RS and CS hydrochars had
the similar trend of change.
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The high ash biomass has an ash content of 11.3-28.00% [17, 18]. The ash contents
of the RS and CS feedstocks were 23.48% and 15.47%, respectively, as shown in fig. 1(b).
The ash content of RS hydrochar and CS hydrochar increased sharply from 23.48-28.90% at
180 °C, and the ash content of CS hydrochar increased from 15.47-20.14 % at 180 °C, which
makes the C content of hydrochar in dry basis appear to be slight reduced. If converted to dry
ash-free base, the C content of hydrochars increases at 180 °C compared with raw material.
As the reaction temperature continues to increase, it is found that the ash content of hydrochar
presents a trend of slow increase. However, some other previous works argued that the change
trend of ash content of low-ash straw biomass after HTC was different [9-11]. An increase of
ash in the hydrochar is observed, due to excessive loss of volatile matter, retention of minerals
and degradation of organic substances [27]. A similar trend was found in the HTC of eucalyptus
bark waste, rice husk and grape residue [28].

In addition, the content of H and O at different HTC temperatures has changed sig-
nificantly, which has the same trend as the HTC of low-ash biomass [29]. The content of H de-
creased from 4.93% in raw RS to 3.19% at 260 °C, and the content of O decreased from 32.36%
in raw RS to 15.93% at 260 °C. In the process of CS HTC, when the reaction temperature was
increased from 180-260 °C, the content of H decreased significantly, from 5.84-3.05%, and the
content of O decreased from 37.46-19.51%. The removal of H and O contents were attributed
to continuous strengthening dehydration and decarboxylation during the HTC process [30].
The hydrogen and oxygen components in biomass were cracked, decomposed and eventually
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evolved out as gases such as H,, CH,, CO,, and H,O [4]. Besides, the hydrophobic of hydrochar
improved gradually as the oxygen-containing functional groups (such as carboxyl carbonyl)
decreased [31].

Table 2. The HHYV and fuel ratio of hydrochar produced at different reaction temperature

Sample | RS |[RS180 | RS200 | RS220 | RS240 | RS260 | CS |CS180|CS200 | CS220 | CS240 | CS260

HHV
[MJkg™]

Fuel ratio| 0.26 | 0.29 | 034 | 042 | 058 | 0.86 | 0.26 | 0.28 | 0.34 | 0.44 | 0.62 | 0.98

15.74| 15.46 | 16.13 | 16.38 | 16.79 | 17.22 | 16.30 | 16.29 | 17.22 | 17.47 | 17.97 | 19.28

Meanwhile, heating value and the FC/VM can be used as an indicator to evalu-
ate the feasibility of biomass to replace fossil fuels. The heating value of RS and CS are
15.74 MlJ/kg and 16.30 MJ/kg, respectively, as shown in fig. 1(c) and tab. 2, which are lower than
the 16.41 MJ/kg of rice straw studied by Zhang [32] and the 18.22 MJ/kg of corn stover studied
by Wang et al. [11], which may be due to the high ash content in the original straw biomass, and
the higher ash content may lead to the low heating value of the straw biomass. Compared with
RS and CS, it could be observed that an obvious upgradation in HHV of hydrochar was achieved
with increasing reaction temperature. The HHV of RS and CS increased to 17.22 MJ/kg and 19.28
MJ/kg at 260 °C, respectively, which was similar to the HHV of lignite (15-20 MJ/kg) [33]. This
phenomenon could be explained as cellulose and hemicellulose in feedstocks decomposed gradu-
ally as HTC progressed, thus leaving products with higher lignin content [34]. Moreover, the fuel
ratio of RS and CS increased from 0.26 and 0.26-0.86 and 0.98, respectively, with increasing HTC
reaction temperature. The variation of fuel ratio

is the same as the HTC of corncob with low ash 6 pecatbanaton

content studied by Zhang ez al. [35]. The fuel ra- . o

tio was related to the change of FCand VM con- & ©

tents during the HTC process. Significantly, the % L 27" epesion

fuel ratio changes dramatically from 240-260 °C. §151 Lgnite o4 Demethyiation
This may be due to the intense dehydration of ~ | j/( od o
RS and CS under this reaction condition. In rorf (o i §E§§§
summary, higher reaction temperatures promote I <t o8 -1
dehydration and decarboxylation in the HTC 05 | (- Heruminous A5
process, and increase HHV [36]. The HTC could ) Anthracite 4 Czuc
be used as a new way to improve the crop straw et e Te ta S o
HHYV, and then improve the combustion quality ’ ' ’ ’ " Atomic O/C ratio

of the crop straw. This is consistent with the phe-  gjgure 2. Van Krevelen diagram for RS, CS,
nomenon of the Van Krevelen diagram, fig. 2,  and hydrochars
and with the results of fig. 1.

In order to deeply analyze the mechanism of HTC, relationships among H/C and O/C
ratios of crop straw and hydrochar samples were indicated in the Van Krevelen diagram, fig. 2.
It can be seen that the evolution of the H/C and O/C ratios from crop straw to hydrochars fol-
lowed the paths of dehydration reactions. In addition, H/C and O/C atomic ratios of hydrochar
decreases gradually with the increase of reaction temperature, which is similar to the change
of the atomic ratio during the HTC of low-ash rape straw by Cheng et al. [9]. It was found that
the H/C and O/C atomic ratios of lignite are usually 0.8-1.3 and 0.2-0.38, respectively [37].
At a high reaction temperature (260 °C), the position of hydrochar atomic ratios was closer to
lignite regions. This might be because the dehydration of biomass straw was enhanced with the



Sui, Z., et al.: Effect of Hydrothermal Carbonization Temperature on Fuel ...
2658 THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2651-2664

increase of reaction temperature. Therefore, high reaction temperatures can improve the degree
of coalification in hydrochar. A noteworthy finding was that the H/C and O/C atomic ratios had
a large mutation at 260 °C. This represented that the hydrolysis of cellulose and hemicellulose
in RS and CS was most severe at this reaction temperature. In fact, the reduced O/C atomic
ratios were attributed to decarboxylation and dehydration, and this decreased H/C atomic ratio
is mainly due to dehydration and aromatization in the HTC process, which help to avoid the
energy loss of flue gas and steam in the combustion process of hydrochar as a clean energy
source [38].

In conclusion, based on the HTC, compared with raw materials, the product of hydro-
char at 260 °C has higher C content, lower H and O content, higher HHYV, fuel ratio and energy
densification, indicating that HTC treatment can improve the fuel quality of the crop straw.
However, the ash content of the hydrochars also remains high.

Functional group analyses of RS, CS, and hydrochars

The FTIR analysis of RS, CS, and hydrochar can reveal the evolution of functional
groups in samples at different reaction temperatures. The FTIR spectra of RS, CS, and hydro-
char samples are shown in fig. 3. The absorption bands at approximately 3400 cm™! were at-
tributed to stretching vibrations of -OH, which became less intense after the increase of reaction
temperature, indicating the enhanced dehydration reaction [5]. The absorbance peaks between
2924 cm! and 2918 cm ™! were associated with -C-H stretching vibration in methyl, methylene,
and groups, and showed no prominent fluctuation [39, 40]. Peaks from 1770-1650 cm™ were
assigned to -C=0 stretching vibration in carboxyl. The absorbance intensity was weakened
with increasing reaction temperature, which also confirmed that the high reaction tempera-
ture promoted the decarboxylation reaction. Moreover, the decrease of -OH and -C=0 implied
that the HTC could efficiently improve the hydrophobicity of hydrochars [21]. The absorbance
Peaks at 1733 cm™ and 1247 cm™ were denoted the -C=0O and -C-O stretching vibration of
esters, carboxylic acids or aldehydes from hemicellulose, respectively. The intensity of these
absorbance peaks notably decreased following hydrothermal treatment and they nearly disap-
peared entirely for treatments above 180 °C, indicating that hemicellulose began to hydrolyze at
180 °C [10]. The increasing intensity of peaks at approximately 1605 cm™!, which was as-
signed to -C=C vibrations of the aromatic ringsin lignin. With the increase of the reaction
temperature in the HTC process, the appearance of a shoulder around 2918-2924 cm! and the
absorbance peak at 802 cm ™! (-CH aromatic vibration) suggest an increase in aromatic character
during carbonization [6]. The absorption bands between 1380 cm™ and 1310 cm™' and between
1214 cm™" and 1030 cm™! were mainly attributed to the vibration of methoxy group (R-O-CH;)
and ether group (C-O-C), respectively. Similarly, the vibration intensity was weakened with the
increase of temperature, suggesting that high temperatures might accelerate the deoxygenation
reaction of the crop straw during the HTC process [21]. The absorbance peak at 898 cm™ rep-
resented for f-(1-4)-glycosidic bond (C-O-C). The vibration intensity experienced a downtrend
around 200 °C, indicating that evidence of the onset of the cellulose-hydrolysis reaction [10].
It could be observed that hemicellulose and cellulose destruction and increasing aromatization
with increasing HTC temperature. This was in conformity with the aforementioned results of
ultimate analysis and proximate analysis. In summary, after HTC of straw biomass, cellulose
and hemicellulose were hydrolyzed and decomposed. With the increase of the reaction tem-
perature, the dehydration and decarboxylation of the hydrochars was intensified, the degree
of aromatization was deepened, and the hydroxyl and carboxyl groups were reduced, which
effectively improved its hydrophobicity.
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Figure 3. The FTIR spectra of RS, CS, and hydrochars; (a) RS and (b) CS

Combustion behavior

The TG and DTG of RS, CS, and hydrochars were shown in fig 4. For better evalua-
tion of the combustion behavior, as indicated in figs. 4(b) and figs. 4(d), the main combustion
processes of RS, CS and hydrochars could be divided into two-stages. The weight loss peak of
Stage [ between 210 °C and 370 °C, revealed that the low boiling point compounds in crop straw
and hydrochars were volatilized, and hemicellulose, part of lignin and cellulose were pyrolyzed,
during which a large number of volatiles were generated. The weight loss peak of Stage II from
370-550 °C was attributed to the combustion of fixed carbon, indicating that a small amount of
volatiles and a large amount of carbon are generated from lignin pyrolysis, followed by com-
bustion on the surface of carbon in this process [40]. At Stage I, the straw biomass after HTC
with increasing temperature, the weight loss peak maintained a gradual downtrend, suggesting
that the VM content had a decreasing trend, which was in accordance with proximate analysis.
At the Stage 11, the weight loss peak reduced when the reaction temperature is 180 °C, resulting
from the chemical components contained in RS and CS decomposing to generate hydrochars that
possessed complex structures via aromatization and repolymerization reactions. The hydrocars
may have stable benzene ring structures and low reaction activity, which makes it more difficult
for combustion at the Stage II. As the reaction temperature continues to increase, it is found that
the weight loss peak of hydrochar presents a trend of increase. This phenomenon could be due to
the decomposition of new complex chemical structures and the increase of fixed carbon at higher
reaction temperatures [29]. During the HTC process, it could be observed that the weight loss
peak at the Stage Il moved to the higher temperature region gradually. This could be attributed to
higher reaction temperatures increasing the content of fixed carbon in hydrochars.

The combustion characteristic parameters of RS, CS, and hydrocars are given in tab.
3. After RS and CS were treated by HTC, their 7; and 7, changed. Compared with RS and CS,
the 7; of hydrochars has increased. The RS hydrochar produced at 180 °C and the CS hydrochar
produced at 200 °C all showed the highest 7,. Increasing the 7; of hydrochars is more benefi-
cial to prevent fire and reduce the risk of explosion [41]. The T; is related to volatile material
content, particle size, surface area and contact with oxygen [42]. At 260 °C, the T}, of RS and
CS hydrochars became higher, which reached 500.05 °C and 577.51 °C, respectively. In fact,
higher 7, may mean that the hydrochar combustion process takes longer to occur, which may
ultimately release more energy and less residue after combustion [43].
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Figure 4. The TG and DTG profiles of straw hydrochars; (a) TG of RS hydrochar samples,
(b) DTG of RS hydrochar samples, (¢) TG of CS hydrochar samples, and
(d) DTG of CS hydrochar samples

Table 3. The combustion characteristics parameters of RS, CS and hydrochars

Sample | T[°C] | TICI | EeTr(;;“;;l"u (o] | Sv[10"min K] | 5. (10 7min K]
RS 260.00 | 368.00 4.34 1.88 278
RSISO | 297.50 | 34840 6.23 5.04 5.03
RS200 | 29573 | 368.16 476 351 473
RS220 | 29674 | 363.32 483 3.46 456
RS240 | 29244 | 38636 3.16 114 238
RS260 | 289.14 | 50005 2.78 0.39 1.07
cs 25212 | 373.19 4.47 1.99 287
CSIS0 | 29299 | 363.87 6.30 6.42 6.15
CS200 | 30771 | 353.44 773 6.36 5.16
CS220 | 30076 | 37474 532 2.67 3.5
CS240 | 29385 | 388.18 3.70 1.64 2.93
CS260 | 27423 | 57751 2.8 0.26 0.97




Sui, Z., et al.: Effect of Hydrothermal Carbonization Temperature on Fuel ...
THERMAL SCIENCE: Year 2023, Vol. 27, No. 4A, pp. 2651-2664 2661

The comprehensive combustibility index Sy values of RS and CS hydrochars were
5.04 - 10" [min2K~] and 6.42 - 107" [minK™] at 180 °C, respectively, which were superior to
all other samples and showed better combustion performance. Similarly, some other previous
works found that biomass with low ash content, such as deciduous trees, bushes, bamboo and
wheat straw, efc. showed better Sy at low temperature stage (180-200 °C) during HTC, with
similar results [4, 10, 29, 40]. With the increase of reaction temperature, the Sy value of RS
and CS hydrochars decreased to 0.39 - 10" [min2K>] and 0.26 - 107" [minK™] at 260 °C,
respectively. It suggests that the increase of reaction temperature had a negative effect on the
improvement of the Sy value of hydrochars. The reasons for the previous phenomenon are as
follows. Firstly, in the temperature range of 180-260 °C, the content of VM declined sharp-
ly, due to VM could improve the flame burning, resulting from the Sy also had a significant
decrease. Moreover, the specific surface area and porosity of hydrochar usually increase to
230 °C, further increase represents negative response. The larger specific surface area was more
violently and easily hydrochar burned. These two factors may had a synergistic effect [4]. At
180 °C, hydrochar had high VM content and large specific surface area, which was the most in-
tense in the combustion process. Therefore, the combustion performance of hydrochar showed
the highest Sy and S, at this temperature.

Kinetic analysis

The E and 4 parameters are the basis for understanding the combustion process. The
E is used to estimate the energy barrier involved in the combustion reaction stage, while A4
represents the reaction collision frequency, taking into account reactant orientation and solid
fuel contact surface [13]. The results of kinetic analysis were exhibited in tab. 4. The £ of RS
and hydrochars at the Stages I and II was, respectively in the range of 66.17-85.45 KJ/mol
and 22.43-50.24 KJ/mol with respect to different HTC temperatures. While the combustion
E of CS and hydrochars at Stages I and II was 43.01-89.72 KJ/mol and 19.83-45.31 KJ/mol,
respectively. In the Stage I, the maximum FEg,..; of RS and CS hydrochar is at 200 °C, and the
Eq.e1decreases as the reaction temperature continues to increase. It is attributed to the HTC

Table 4. Kinetic parameters for combustion of RS, CS, and hydrochars

Stage | Stage II

Sample nggpzr[ige E[KJmol'] | 4 [min'] | R Tf;;g:r[ité‘ﬁe E[KJmol']| 4 [min'] | R?

RS 200-355 7526 | 215107 | 0.972 | 370-440 | 40.15 | 7.51.10® | 0.955
RSI80 | 230-370 7893 | 2.80-107 | 0.968 | 380-440 | 28.88 | 5.27-10% | 0.960
RS200 | 225-375 8545 | 820107 | 0.954 | 380-450 | 2243 | 1.15-10% | 0.972
RS220 | 230-360 7836 | 1.99-10 | 0.952 | 370-450 | 2720 | 3.02-10% | 0.958
RS240 | 235-350 7750 | 1.41-107 | 0.954 | 370-460 | 3625 | 1.71.10% | 0.964
RS260 | 210-360 66.17 | 6.69-10% | 0.963 | 370-470 | 5024 | 2.01-10% | 0.962

cs 200-350 62.62 | 1.52:10% | 0.969 | 380-440 | 4531 | 2.23.10% | 0.977
CS180 | 210-365 66.77 | 2.00-10% | 0.953 | 380-440 | 2259 | 135-10% | 0.958
€S200 | 255-360 89.72 | 2.30-10% | 0.950 | 390-440 | 19.83 | 6.34-10° | 0.959
€S220 | 250-370 87.68 | 1.20-10% | 0.950 | 380-450 | 2032 | 6.09-10° | 0.942
CS240 | 225-365 69.25 | 2.12:10% | 0.955 | 370-460 | 29.90 | 4.06-10" | 0.961
CS260 | 225-350 43.01 | 45410 | 0.957 | 370-470 | 4033 | 2.45-10® | 0.974
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that led to destruction of cellulose and hemicellulose structures [29]. Specifically, straw bio-
mass passes through HTC, and cellulose, hemicellulose and their degradation products form the
VM of hydrochars. High temperature affects the decomposition of cellulose and hemicellulose.
Hemicellulose and cellulose usually decompose completely at treatment temperatures above
230 °C and 270 °C, respectively, which in turn affects the VM content of the hydrochars, re-
sulting in a change in the activation energy [4, 44]. The RS and CS hydrochars at the Stage
I reached the minimum £ at 200 °C. As the reaction temperature increased further, the Ey;,.
1 showed an increasing trend. The results were mainly attributed to oxidative resistance at the
beginning of solid products (hydrochars) combustion by hydrothermal treatment. To be more
specific, as the increase of reaction temperature, in addition forming fixed carbon with high en-
ergy content, is also effective in solid component formation with higher resistance to oxidation
[13]. This explains why hydrochars had the highest 7}, at 260 °C.

Straw biomass and its hydrochars showed different changes in the 4 at different reac-
tion temperatures. As indicated in tab. 4, in Stage I, RS, and CS hydrochars showed the highest
Agager at 200 °C. As the reaction temperature is increased, the Ay,e.1 decreases. The Agage n Of
Stage II is much smaller than that of Stage I, and the Ae. i1 0f straw biomass hydrochars in this
stage all show a trend of first decreasing and then increasing. The RS hyochar has the lowest
Agagen at 200 °C, and the CS hydrochars is the lowest at 220 °C. The A, i indicates the col-
lision frequency associated with promoting the combustion process by increasing the reaction
temperature. As the hydrothermal treatment temperature increases, the hydrochar surface area
may increase, which may affect the increase in the Ayagen[13].

The analysis of the whole combustion process shows that the HTC significantly af-
fects the dynamic combustion parameters of hydrochars. Therefore, from the point of view of
E, the optimal hydrothermal treatment temperature is 260 °C.

Conclusions

The HTC of straw biomass with high ash content was conducted at different reaction
temperatures. The conclusions are as foloows.

e Both the RS and CS hydrochar had the highest energetic recovery efficiency at 200 °C,
reaching 66.62% and 64.39%, respectively. Overall, during the HTC process of straw bio-
mass, increasing the reaction temperature improved decarboxylation and dehydration pro-
cesses, decreased H/C and O/C atomic ratios, and raised the FC/VM. At 260 °C, RS and CS
hydrochar have similar atomic ratios to lignite while exhibiting the highest heating value,
reaching 17.22 MJ/kg and 19.28 MJ/kg, respectively. This has a similar trend to low ash
hydrochars. However, the C content of the straw hydrochar was lower than that of the straw
raw material at 180 °C, and its ash content increased with the reaction temperature, which is
different from the straw biomass with low ash content. High-ash straw biomass can be used
to produce high-performance solid fuels.

e The HTC improves the combustion performance of straw biomass. At 180 °C, the SN of
hydrochar is the best, which is 5.04 - 10" (min2K?) and 6.42 - 10" [min K], respective-
ly, indicating that the solid product combustion performance is the best, which has similar
results to the low ash biomass hydrochars.

e Comprehensive consideration of the data of ultimate analysis, proximate analysis, combus-
tion behavior and kinetic analysis, if the hydrochar was used to instead of coal in industrial
applications, 260 °C should be recommended as the HTC temperature for high-ash straw
RS and CS.
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