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ABSTRACT

Hydrothermal carbonization (HTC) and co-hydrothermal carbonization
(Co-HTC) are efficient thermochemical conversion processes for
upgrading the fuel properties of biomass feedstocks. This study
investigates the conversion of high moisture industrial waste, leather
waste (LW), and agricultural residue, corn stalk (CS) into sustainable solid
fuel via the HTC and Co-HTC. The impact of experimental variables, such
as HTC temperature, residence time, and reaction pathway (i.e., HTC and
Co-HTC process), on the physicochemical properties and fuel quality of
hydrochar was also comprehensively explored. The highest heating value
of hydrochar product, approximately 23.4 MJ/kg, was obtained from the
Co-HTC condition of 280 °C for 8 h. The mutual interaction between two
biowastes exhibited superior synergistic fuel characteristics, including
lower ash content, higher carbon percentage, and improved energy
density. However, the remaining ash content of hydrochar decreased by
approximately 25.01%-44.52%, produced from both HTC and Co-HTC
processes. The hydrothermal treatment process improved the hygroscopic
properties of hydrochar. Finding results show that the HTC and Co-HTC
are the potential thermochemical conversions for producing sustainable
solid fuel from several biowastes. In addition, the Co-HTC process showed
a better hydrochar fuel quality.

KEYWORDS: corn stalk; leather waste; hydrothermal carbonization; co-
hydrothermal carbonization; solid biofuel
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INTRODUCTION

Currently, energy consumption demand has sharply increased due to
the skyrocketed growth of the population and industrialization [1]. Thus,
the conversion of biowastes into a sustainable and clean energy source is
a primary key challenge for decarbonization in industrial processing and
electricity generation for solving environmental issues since the high
consumption of petroleum fuel directly produces a severe problem
regarding a large number of greenhouse gases (GHGs), particularly carbon
dioxide (CO2) emission, and particulate matters. As an increase in the
sustainable development concept, a large amount of unrecyclable waste
has been refined into various forms of biofuels, such as solid biofuel, bio-
oil, and combustible gas, instead of dropping into landfills [2,3]. Using
waste biomass to obtain renewable energy becomes a practical pathway
to net zero greenhouse gas emissions [4]. To date, several agricultural
waste biomass and industrial wastes are widely supplied as potential
feedstock for renewable energy production [3,5,6].

However, the utilization of raw biomass as solid fuel has experienced
some severe problems due to the nature of raw biomass, which consists of
high ash content and a variety of elemental compositions of ash contained
during the biomass growth that causes slagging, fouling, agglomeration,
and corrosion to combustion system [7]. According to literature reviews,
silicon, potassium, calcium, and magnesium significantly cause
depositions in the combustion system, reducing heat transfer efficiency.
Chlorine, sulfur, and heavy metals can transform into hazardous air
pollutants. However, the low heating value of raw biomass still needs to
be improved to the high thermal efficient applications. The mentioned
problems can be efficiently mitigated by biomass pretreatment, enhancing
fuel properties [8,9].

In the biomass pretreatment process to decrease ash constituents,
existing physical and chemical preprocessing techniques, including water
washing at ambient temperature to near boiling and dilute acid/alkaline
washing, are efficient for removing ash components [10]. Inorganic
compositions contained in biomass feedstocks can decrease by washing
method owning to the excellent water-solubility of metal ions in ash [11].
Even the silicon, calcium, and magnesium, which have low water
solubility, can be significantly removed by the water leaching technique
[12]. Nonetheless, the performance of ash washing generally depends on
the operating conditions, such as particle size, biomass feedstock,
temperature washing time, and water ratio. Increasing water temperature,
water-to-biomass ratio, and washing time enhance the reduction of final
ash content [7,13]. However, the present alkali in the washing method
drastically increased the solubility of some elements such as SiO, Al,Os,
and MgO, typically significant ash in agricultural waste biomass [11,14-16].
Deng et al. (2013) reported the investigation of water washing on fuel
properties of plant biomass and ash reduction efficiency at different
washing temperatures and washing times. The fuel properties of raw
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biomass are improved by water washing. Increasing the washing
temperature is adequate for silicon removal [7]. A similar finding is
consistent with the report of Bandara et al. (2020) that 88%-95% of
potassium, 60%-83% of phosphorus, 38%-54% of iron, and 19%-24% of
silicon contained in rice husk have been remove by water washing.

In recent years, numerous solid wastes have been used as raw
materials for solid biofuel production via different thermal conversion
techniques, such as torrefaction, carbonization, conventional
hydrothermal carbonization (HTC), and co-hydrothermal carbonization
(Co-HTCQ), to improve the heating value of biomass-derived solid fuel. The
biomass-based solid fuel is effectively supplied for the combustion
chamber and water boiler, substituted for fossil fuel consumption,
corresponding to the decarbonization concept. Hydrothermal
carbonization (HTC) is applied as a wet treatment process for highly moist
biomass to produce solid biofuel derived from waste biomass [17]. The
HTC process is typically conducted at a temperature between 180 and
300 °C for minutes to several hours using water as a reaction medium. The
fuel qualities, including energy density, grind ability, and hygroscopic
behavior, are enhanced using the hydrothermal carbonization (HTC)
process. Several biomass feedstocks, such as olive stone [18], algae [19],
rice husk [20], corn stalk [21], leather waste [22], and oily sludge [23], have
been thoroughly evaluated by the HTC process for solid biofuel application.

Over the past few years, many researchers have worked on the co-
hydrothermal carbonization (Co-HTC) of blended biomass feedstocks, and
this process reveals some synergistic fuel properties of hydrochar
products, such as superior chemical structure, mechanical strength, and
uniformity [24-26]. Saba et al. (2017) studied the co-hydrothermal
carbonization between coal and miscanthus. The hydrochar obtained
from Co-HTC exhibited the shared fuel properties of low ash and sulfur
content of miscanthus with high heating value maintaining of coal [27].
Kahilu et al. (2022) examined the physicochemical properties of Co-HTC
hydrochar between coal slurry and sewage sludge. They revealed that the
Co-HTC hydrochar yield was higher than the yield obtained from
conventional HTC. In contrast, sulfur and ash content reduction was
obtained for blending hydrochar, improving calorific value [28]. In
addition, few published studies on Co-HTC between plant biomass and
plastic wastes, particularly polyvinyl chloride (PVC), could be found over
the last decade [26,29-31].

Nonetheless, the HTC and Co-HTC process may benefit the removal of
ash constituents and increase calorific value simultaneously. The biomass
structure is chemically reorganized by hydrolysis, dehydration,
decarboxylation, aromatization, and recondensation, resulting in the
formation of rich-carbon and high energy-dense products, often termed
hydrochar. The inorganic molecules in the biomass structure may be
removed in a liquid phase during the HTC process [32,33]. Zhang et al.
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(2018) showed the improvement of bamboo sawdust’s fuel properties
obtained from several hydrothermal carbonization conditions. The
elemental compositions, including K, Na, Mg, Ca, and S, were efficiently
removed by the HTC process [34]. Also, a similar finding by Lin et al. (2019)
showed that the HTC process has demonstrated the ability to remove the
ash content contained in biomass. The HTC temperature and treatment
time significantly affect the total ash content of biochar [35]. Also, Song et
al. (2019) investigated the Co-HTC of sewage sludge and lignite. Results
revealed that hydrochar from the Co-HTC process exhibited superior
synergistic effects such as higher heating value, more fixed carbon content,
and enhancement of O/C and H/C ratio that were affected by a mutual
reaction between two different feedstocks during the Co-HTC process [36].
Mazumder et al. (2022) studied the Co-HTC between coal and food waste.
Their finding showed decreased total ash, sulfur, and chloride content by
blending food waste in the Co-HTC process [37].

To our knowledge, fewer studies previously investigated the Co-HTC of
agricultural residue-industrial waste blend feedstocks. Therefore, this
study aimed to investigate the influences of HTC and Co-HTC processes for
converting corn stalk and leather waste into hydrochar as a sustainable
solid fuel. Herein, types of biomass feedstocks (corn stalk and leather
waste), reaction pathways (HTC and Co-HTC), and experimental variables
(Temperature and residence time) are crucial factors for this study. The
physicochemical properties and fuel characteristics of HTC/co-hydrochar
products were studied using proximate and ultimate analysis, Field
emission scanning electron microscope (FE-SEM), N, sorption analyzer,
and bomb calorimeter. In addition, the equilibrium moisture content and
water contact angle explain the water adsorption behavior. Furthermore,
the resulting co-hydrochar was comprehensively examined on the fuel
quality to explain the synergistic effects, such as chemical contents, total
ash content, production yield, energy yield, calorific value, and
hygroscopic property compared to conventional hydrochar. Nonetheless,
this study supposes hydrothermal treatment has become a viable pathway
for novel solid biofuel production from industrial biowaste and
agricultural biomass.

MATERIALS AND METHODS

Materials

Corn stalk residue was collected from a local corn mill in Nakhon
Ratchasima, Thailand, and leather waste was obtained from CPL Group
Co., LTD in Samutprakarn, Thailand. The two feedstocks were severally
rinsed with deionized water to remove contaminants. Then, the washed
samples were left to air dry using an electrical hot-air oven (model Biobase
BOV-V125F, China) at 105 °C for 24 h. The samples were mechanically
crushed and subsequently sieved into a size between 30 and 50 mesh using
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a milling machine and sieve shaker, respectively. Table 1 depicts the
proximate and ultimate analysis of raw biomass feedstocks. Deionized
water was produced from the Elix system using a Milli-Q Progard TS2
pretreatment pack.

Table 1. Proximate and ultimate analysis of corn stalk (CS), leather waste (LW), and blended feedstock
(CSLW).

Property CS LW CSLW
Proximate analysis (weight (%), d.b.)

Volatile matters 78.5 84.2 82.1

Fixed carbon* 12.8 9.7 115

Ash 8.7 6.1 6.4
Ultimate analysis (weight (%), d.a.f.)

C 41.24 +1.49 39.11 + 1.06 39.25 +0.93
H 493 +0.25 7.24 +0.31 6.11 + 0.52
N 0.91 +0.13 13.17 + 0.86 6.93 + 0.97
O* 52.64 + 0.54 40.19 £ 0.95 47.43 + 0.68
S 0.28 + 0.07 0.32 + 0.05 0.28 + 0.08
CI** 0.6 1.3 0.7

HHV (M]/kg) 15.2 +1.33 11.2 + 0.97 12.9+0.28

Note: d.b.—dry basis, d.a.f. —dry-ash-free basis, *calculated by difference, (means + SD; n = 3), **separately analyzed by
multi EA4000.

Conventional HTC and Co-HTC Experiments

About 30 g of feedstock was mixed with deionized water with a
feedstock/ water ratio of 1:10 by weight. All conventional HTC and Co-HTC
experiments were carried out in a 500 mL custom-made stainless-steel
hydrothermal system controlled with a proportional-integral-derivative
(PID) controller, as displayed in the schematic diagram of Figure 1. Before
the experiments, the sample autoclave was purged with nitrogen for 5 min
to avoid the air inside the reactor system. The blended feedstock (CS and
LW) with a constant weight ratio of 1:1 (CS-to-LW, w/w) was used for the
Co-HTC process. All hydrothermal experiments were carried out at the
different hydrothermal temperatures of 200, 240, and 280 °C and
hydrothermal treatment times of 1, 4, and 8 h using a heating rate of 7
°C/min. After hydrothermal treatment, the sample autoclave was
quenched to the ambient temperature by cold water flowing to suppress
all reactions. Afterward, the solid product, hydrochar, was filtrated by
vacuum using a separatory Biichner funnel (Jipo, Germany) with paper
filters. Then, the hydrochar sample was dried at 105 °C in an oven
overnight, ground into homogenized powder, and stored in a sealed bag
for further characteristics analysis. Herein, the hydrochar samples are
namely by name-temperature-time. Moreover, the hydrochar yield (HY) is
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expressed by following Equation (1) based on a dry basis. HTC and Co-HTC
performances were studied based on energy yield and enhancement ratio
as follows Equations (2), and (3), respectively.

Mass
Hydrochar yield (HY, %) = ——20ha"_ 100 )
Massraw biomass
HHYV,
Enhancement ratio (ER,—) = """ "hydrochar @

HHVraw biomass
Energy yield (EY,%) = HY X ER 3)

Moreover, the fuel ratio of hydrochar was determined using the
Equation (4) below.
Fixed carbon

Fuel ratio = - (@Y)]
Volatile matters

HTC and Co-HTC Reactor system

Pressure gauge

Relief valve
%)_Eﬂ-- P Gas exhaust

Process conditions
Leather waste (LW - Reaction temperatures
C = = D) - Residence times
¢ 3
Temperature [/ NEA
controller
T—
Corn stalk (CS Reaction zone
Heating -
4 5 Z
zone FJ 3 i
...| ¢ - Hydrochar yield
Stainless steel chamber £ - Fuel characterls_tlgs :
(external) ~,- Ash removal efficiency .~

# System made of stainless steel tube (1/4”)

Figure 1. Schematic diagram of the hydrothermal reactor.

Hydrochar Characterizations

The thermogravimetric analyzer (NETZSCH TG209, Germany)
evaluates the proximate analysis of the raw feedstocks and hydrochar
samples following the American Standard Test Method ASTM D 7582-15
(2015) for determining moisture, volatile matters, ash contents, and fixed
carbon content by subtraction of others from 100%. The ultimate analysis
was analyzed to determine the percentage of elemental composition,
including carbon, hydrogen, nitrogen, oxygen, and sulfur, using a CHNS
elemental analyzer modeled LECO Truspec CHN 628 (Netherlands)
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following the ASTM D 5373-16 (2016) and ASTM D 4239-17 (2017),
respectively. The chlorine (Cl) concentration was quantified using an
elemental analyzer (multi EA4000, Analytik Jena, USA). A field emission
scanning electron microscope (FE-SEM, Hitachi SU8030, Japan) displayed
the surface morphology of hydrochar samples by using magnifications of
1000x magnification operated at a voltage of 5 kV. In addition, the porosity
and specific surface area of hydrochars were determined to understand
the transformation of surface morphology using an isothermal condition
at -196 °C on a Quantachrome Autosorp IQ-MP-XR (Austria). The surface
chemistry of raw feedstocks and hydrochar samples were studied by
Fourier Transform Infrared Spectroscopy using FTIR PerkinElmer UATR
Two (USA) in the wavenumber region of 4000-400 cm™ by direct
impression technique for analysis. Calorific analysis of raw feedstock and
hydrochar was analyzed by bomb calorimeter (IKA C5000, Germany) using
the ASTM D 5865-13 (2013).

The equilibrium moisture content (EMC) percentage following
Equation (4) explained the hygroscopic property. However, EMC testing
was reached by storing dried samples in a desiccator with controlled 55%
relative humidity at 30 °C for 24 h. Massariea and Masswe: referred to the
mass of dried and humidified samples, respectively. Meanwhile, the
hygroscopicity reduction extent (HRE) was defined in Equation (5) to imply
the reduction of feedstock hygroscopicity after the HTC/Co-HTC process.
Moreover, the water contact angle on the sample surface demonstrates the
hydrophobicity using an optical contact angle camera with a video
measurement system.

Mass,,er— MASS grieq

Equilibrium moisture content (EMC,%) = Mass x 100 (5)
dried

EMChydrochar

EMCraw biomass

Hygroscopicity reduction extent (HRE, %) = <1 - ) x 100 (6)

RESULTS AND DISCUSSION
Fuel Characteristics of HTC and Co-HTC Hydrochars

Initially, the CS and LW feedstocks were conducted through
conventional hydrothermal carbonization at 200-280 °C for 1, 4, and 8 h to
explore hydrothermal carbonization’s effect on the fuel properties of
hydrochar products. Table 2 reported the proximate and ultimate
analyses. As seen in the finding results, the chemical contents (i.e., volatile
matters, fixed carbon, and ash content) and elemental compositions,
including C, H, N, O, and S, were significantly changed by the HTC. It can
imply that the fuel property of raw feedstock significantly improved after
the hydrothermal treatment. However, increasing the HTC temperature
from 200 °C to 280 °C enhanced the devolatilization and carbonization
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reactions, indicating that the thermal decomposition of oxygenated
compounds and intra-C bonding occurred simultaneously [18]. This
finding significantly resulted in a lowering of the volatile content of the
hydrochar. They decreased from 78.5% to 51.8% for the CS sample and
84.2% to 54.7% for the LW sample, respectively. In addition, the highest FC
content increase was approximately 41.4% for CS-280-8 and 38.6% for LW-
280-8, respectively. Furthermore, increased HTC treatment time
significantly affects the proximate and ultimate analyses of different
hydrochar samples. The reaction time of the HTC process has the function
of removing volatile matter and ash constituents [8,38].

Table 2. Fuel characteristics of HTC and Co-HTC products.

Proximate

Conditions analysis Ultimate analysis (%, d.a.f.) HHV Fuel

Samples .

(%, d.b.) M]J/kg) ratio
TCC) t() VM FC* A C H N 0*

1 764 175 64 4322+109 421011 0.71+007 51.86:092 168+08 022

200 4 736 206 58 4727+095 3.63+0.23 054+009 4856+0.74 173+08 027

8 715 231 54 50.05+099 324+009 046+011 4625+085 182+04 0.32

1 659 285 5.6 4891+102 407:012 068+013 4634+0.72 169+0.5 043

(Cé’;n stalk o0 4 60.1 346 53 50.57+096 359+0.17 043+009 4541+046 19505 057
8 582 364 54 5372+058 345+024 037+008 4246+087 21404 062

1 583 342 7.5 51.85:0.79 422+018 069+009 4324+095 17.6+0.3 058

280 4 544 392 64 5527+101 376+012 058+010 4039069 214:0.2 0.72

8 538 394 68 5913+0.79 354+015 036+016 3697:082 22101 0.73

1 796 145 59 4681:121 513012 7.32+013 40.74:094 16702 0.18

200 4 774 178 51 50.67+095 446+034 541+022 3946+1.02 18504 022

8 753 184 6.3 5123+135 312+011 425:064 4140083 21603 024

1 782 166 52 51.31:104 395:025 531+047 3943:115 19.9:01 021

‘I/“;tt:e(iw) 240 4 66.5 281 54 5377+1.09 331053 495+085 37.97+0.86 19.7+0.5 042
8 621 320 59 56.19+0.86 3.44+037 3.86+039 3651+099 223+02 051

1 768 167 6.5 5254+112 3.97+0.51 642+025 37.07+093 20602 021

280 4 568 373 59 5645098 342+021 451+051 3562+107 21.7+0.3 0.5

8 547 386 67 57.91+105 3.68+0.16 489+062 3352+101 225+01 0.70

200 759 197 44 4931+0.72 3.85:023 276+018 4408+113 181+0.2 025

blend CSLW 240 4 561 388 5.1 53.89:088 336+019 227+011 4048099 229:0.1  0.69
280 537 409 54 5531:091 314+042 242+009 39.13:105 23402 0.76

Note: d.b. —dry basis, d.a.f. —dry-ash-free basis, *calculated by difference, (means + SD; n = 3), VM—Volatile matter, FC—Fixed carbon, A—Ash.

Regarding ash reduction capacity during the HTC process, the inorganic
molecules maintained in the ash can be decreased during the HTC reaction
because the water medium of HTC could dissolve those of ash constituents.
However, the removal efficiency significantly depends on the HTC
parameters, and its elemental compositions led to different solubility
[14,35,39]. On the contrary, the findings revealed that the decrease in total
ash content is obtained from the initial stage to 4 h interval time.
Nonetheless, the ash yield of HTC samples significantly returned when the
HTC reaction time was increased from 4 h to 8 h, indicating that the re-
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polymerization of dissolved ash composition occurred over a long period
of the HTC process. This phenomenon also correlated with the increase in
hydrochar yield when HTC reaction time increased from 4 h to 8 h.
According to proximate analyses, an increase in the FC content as well as
a decrease in VM content results in the enhancement of heating value,
with the highest being 23.3 MJ/kg for CS hydrochar and 25.5 MJ/kg for LW
hydrochar, which are close to those of natural coals such as lignite, sub-
bituminous and bituminous coal. The fuel ratios of different hydrochars
were relatively dependent on the HTC parameters. The highest fuel ratio
was 0.79 and 0.70 for CS-280-8 and LW-280-8, respectively. The improving
fuel ratio suggests that more FC content was obtained for hydrochar
products favorable for their combustion behavior [40,41]. In addition, the
ultimate analysis revealed that the carbon percentage increased, but the
oxygen percentage continuously decreased concerning the HTC
temperature and time. The carbon percentage was between 43.22%-—
59.13% for CS hydrochars and 46.81%-57.91% for LW hydrochars,
respectively (see Table 2). The elemental hydrogen percentage decreased
due to the dehydration reaction during the HTC process. Nitrogen content
was relatively high for LW hydrochars, concerning the nature of raw
leather waste [22,42].

According to the proximate analyses, the HTC reaction time of 4 h was
selected for the Co-HTC process using different hydrothermal
temperatures because the long hydrothermal reaction period can
significantly enhance the re-polymerization of ash. Results showed that
the carbon percentage increased, and the amount of ash constituent also
raised after 4 h interval time, as demonstrated in Table 2. The high ash
content is not favorable for any combustion process. The increase in ash
content may suggest the lowering of hydrochar energy content. However,
the high ash content in untreated feedstocks significantly decreased after
the HTC or Co-HTC process by transforming the inorganic elements in the
liquid phase [43]. The hydrothermal temperature significantly affects the
fuel property. The fixed carbon content of Co-HTC products has increased
about 3.17 times at Co-HTC of 280 °C from raw blended feedstock. The
volatile matter and ash contents gradually decreased due to the thermal
decomposition in a hot-compress water-surrounding environment, and
the oxygenated compounds and inorganic elements were released
simultaneously from the solid sample into the liquid and gas phase. This
results in the direct reduction of hydrochar/co-hydrochar production yield.
The volatile matter and ash contents of co-hydrochar were 53.7%-75.9%,
and 4.4%-5.4%, respectively. The improvement of FC and VM contents
directly elevated the fuel ratio of the Co-HTC products. The highest heating
value of co-hydrochar (23.4 MJ/kg) was slightly higher than individual HTC
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samples, indicating it may be affected by the synergistic effects of the Co-
HTC process towards enhancement of the fuel property of the hydrochar
sample. However, during the Co-HTC process, organic and inorganic
elements are converted into water-soluble byproducts performing the
solvents in the HTC system, such as HCl, H,SO4, and other organic acids
[44]. This phenomenon improves the alkali and alkali earth metal
solubility contained in raw biomass feedstock, and it directly results in the
enhancement of the ash removal efficiency of the hydrochar products.
However, decreased inorganic elements can directly improve the calorific
value of hydrochar.

2.0
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A
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Figure 2. Van Krevelen’s diagram of the raw feedstocks and the hydrochar products.

The fuel quality of raw CS, LW feedstock, and hydrochar products
compared with natural coal is displayed in Van Krevelen’s diagram, as
seen in Figure 2. The pathways of decarboxylation and decarbonylation
can evaluate the atomic O/C and H/C ratio depicted in Van Krevelen’s
diagram during the HT process, which indicates the degree of
carbonization [45]. According to the diagram, the result shows that the raw
CS and raw LW similarly have poor fuel quality due to their highly
oxygenated compounds. This finding was supported by proximate and
ultimate analyses, also listed in Table 1. However, hydrochar and co-
hydrochar products produced better fuel quality than raw feedstock. The
results indicated that the HTC and Co-HTC processes improved the fuel
characteristics.
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Moreover, increasing temperature and reaction time significantly
improved the fuel quality of hydrochar and co-hydrochar due to side
hydrothermal reactions, such as dehydration, decarboxylation,
decarbonylation, and aromatization [46]. However, the blend feedstock
obtained from the Co-HTC process shows a fuel quality in line with
conventional HTC products. On the other hand, the blend feedstocks and
increasing reaction temperature substantially supported removing
elemental nitrogen content, as evident in Table 1. The hydrochar samples
obtained at 240 and 280 °C show the atomic O/C and H/C ratios located in
the area of lignite coal, as illustrated in Van Krevelen’s diagram. Finding
results imply that HTC and Co-HTC processes successfully achieve organic
waste conversion into alternative solid fuel. Noticeably, the reaction
temperature and time of HTC and Co-HTC processes are significant factors
for fuel quality improvement. The increase in temperature during the
hydrothermal process reached the vaporization of the water medium,
which essentially promoted the thermal decomposition of raw feedstock
[47].

Table 3. Sulfur and chlorine content of the hydrochars and co-hydrochar.

Conditions

0 0
Samples T¢O) T S (%) Cl (%)

1 0.16 0.3

900 4 0.11 n.d.

8 0.06 n.d.

1 0.12 0.2

Corn stalk (CS) 940 4 0.04 n.d.

8 n.d. n.d.

1 0.07 0.3

980 4 0.09 0.1

8 0.05 n.d.

1 0.12 0.6

4 0.07 0.2

200 8 n.d. n.d.

1 0.05 0.4

Leather waste (LW) 4 n.d. n.d.
240

8 n.d. n.d.

1 0.03 0.4

4 0.03 0.2

280 8 n.d. 0.2

200 0.09 0.3

CSLW (blended feedstock) 240 4 n.d. n.d.

280 n.d. n.d.

Table 3 evaluated the leaching performance of sulfur and chlorine
during HTC and Co-HTC processes with different hydrothermal treatment
conditions. Also, the synergistic effects of blended feedstock for the Co-HTC
for ash removal were studied. The initial sulfur and chlorine contents of
feedstocks significantly decreased after the hydrothermal process,
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compared to Table 1. The organic S and Cl were chemically released into
the liquid fraction during HTC and Co-HTC processes, increasing ash
leaching efficiency. In general, the organic S and Cl have very high-water
solubility. Therefore, the existing leaching process during hydrothermal
treatment efficiently removes high water-solubility elemental
composition [41,44]. The S and Cl contents significantly decreased with
increased HTC and Co-HTC temperature and extension operating time.
These results correlated with the previous study [44]. For the Co-HTC
process, the co-hydrochar obtained at 240 °C contains no S and Cl contents.
Traditionally, air pollutants, such as Sox, NOx, and Cl gas, are directly
released from solid fuel combustion. Therefore, reducing air emissions
can be controlled by upgrading fuel quality. However, the total ash content
of hydrochar and co-hydrochar products obtained from different
hydrothermal treatment conditions significantly decreased due to the
elemental leaching phenomena during HTC and Co-HTC processes [46,47].
The hydrochar samples containing lower ash content may have a higher
heating value than hydrochars containing high ash content, as
demonstrated in Table 2. Figure 3 shows HTC and Co-HTC performances
toward hydrochar production yield (HY), energy yield (EY), and
enhancement ratio. The Co-HTC process was barely studied by using a Co-
HTC period of 4 h due to minimizing the total ash of hydrochar products.
Figures 3a and b show that the increase in temperature from 200 °C to 280
°C led to a significant decrease in the mass yield of hydrothermal-treated
CS and LW that corresponded to the hydrothermal decomposition of
chemical structures for corn stalk and leather waste [47,48]. The mass
yield continually decreased at 52.5% and 36.9% for CS and LW samples
obtained at 280 °C for 4 h, respectively. The mass yield of produced
hydrochar significantly increased at the HTC condition of 280 °C 8 h,
indicating the re-polymerization coincided with the HTC process at the
high-temperature condition [48]. The production yields of co-hydrochar
were in a similar trend as the production yield of conventional hydrochar
(Figure 3c). However, co-hydrochar products exhibited a higher mass
yield. The production yields of co-hydrochar were approximately between
53.8%-74.6%, indicating that the effect of the Co-HTC process ascribed to
the deposition of leather waste on the cornstalk substrate [30,49]. The
main reason for the lower mass yield is the higher hydrothermal
temperature, resulting in the degradation of biomass polymers.
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Figure 3. Hydrochar production yield and energy yield of (a) CS samples, (b) LW samples, (c) Blend samples
at HTC reaction time of 4 h, and (d) Enhancement ratio of hydrochars and co-hydrochars.

With increased process temperature, the energy yield of CS hydrochar
gradually decreased from 95.27% to 61.6%, which was in a similar trend
of mass yield (Figure 3a). However, the extension of reaction time during
the HTC process firstly decreased the energy yield of CS hydrochar at 1 h
and then increased by raising the HTC holding time to 4 h and 8 h,
respectively. Meanwhile, LW hydrochars first present the lower energy
yield, then increase with increasing HTC temperature and extension of
holding time, as seen in Figure 3b. These results align with the report of
Ning et al. (2022) [29]. The energy yield of CS hydrochar and LW hydrochar
ranged between 61.6%-95.29% and 62.36%-76.86%, respectively. As the
constant holding time of 4 h, the higher energy yield was obtained from
blended hydrochars in the range between 91.29%-95.49% compared to
conventional hydrochars (Figure 3c). It can imply that the Co-HTC
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improves hydrochar quality, which is in line with the study of Weihrich et
al. (2022) [25] and Shakiba et al. (2023) [50].

In addition, Figure 3d shows the enhancement ratio (ER) of hydrochars
produced at different conditions. Generally, the ER was used to explain the
development of HHV of raw biomass. According to previous literature,
Kuo et al. (2019) [51] and Yueh-Heng Li et al. (2020) [52] reported that an
increase in reaction temperature during the biomass pretreatment
process is a significant parameter for the improvement of the heating
value of the resulting product. The ER value of hydrochar samples was the
highest in the range of 1.41-1.81 at a hydrothermal treatment condition of
280 °C. Noticeably, the hydrothermal decomposition of oxygenated
compounds in the raw biomass during high-severity conditions
significantly increased the ER ratio despite the gradual decrease in mass
yield and energy yield. The optimization of energy yield may become the
excellent pathway for high-performance producing hydrochar by the
hydrothermal treatment process.

Figure 4 displayed the SEM images of different samples, including CS
and LW feedstocks, hydrochar, and Co-HTC products obtained at 280 °C for
4 h, observed by using FE-SEM at 1000x magnification. The CS and LW
hydrochars showed the characteristics of dense and smooth surfaces
(Figures 4a and b). After the hydrothermal treatment, the structure of CS
hydrochar has various tiny pore structures visible on its surface, as seen
in Figure 4c. The surface morphology of CS hydrochar in this study was
also related to the SEM images reported in the previous study [53]. The
degradation of biomass polymer formed the porous structure through the
dehydration reaction during the HTC process. The HTC process did not
break the surface morphology of LW hydrochar (Figure 4d). In addition,
Figure 4e displays the SEM image of the co-hydrochar product (CSLW-280-
4). The observation also verifies the combination surface appearance
between CS and LW hydrochars. One possible explanation is that LW
formed on the CS hydrochar surface by observing the SEM image of CSLW-
280-4. The co-hydrochars show fluffy and messy morphology. Production
yield improvement is possessed from the Co-HTC blending feedstocks
between plastic waste and plant biomass [54]. Additionally, the porous
structure with high-density solid fuel may enhance the relative completed
combustion process due to the easy air access to the inner structure of
solid fuel during the combustion process, ascribed to combustion theory
[55]. However, the HTC and Co-HTC severity still plays a significant
pathway in various surface morphology of hydrochar.
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Figure 4. SEM micrographs of (a) Raw CS, (b) Raw LW, (c) CS-280-4, (d) LW-280-4, and (e) CSLW-280-4 (co-
hydrochar).
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Figure 5. N; adsorption-desorption isotherms of hydrochar products obtained from different hydrothermal
temperatures (a) CS hydrochars, (b) LW hydrochars, and (c) co-hydrochars.

Figure 5 displays N, adsorption-desorption isotherms of different
resulting hydrochars, which explored the interaction of hydrochar surface
between conventional hydrochars (CS and LW hydrochars), as seen in
Figures 5a and b, respectively, and co-hydrochars (Figure 5c). The N;
sorption isotherms exhibit Type II isotherms with a small hysteresis loop,
suggesting a wide range of pore sizes, including mesopores and
macropores with less porous structures [56]. The specific surface area of
CS hydrochars, LW hydrochars, and co-hydrochars (CSLWs) ranged from
30.2-43.7 m?/g, 11.8-23.1 m?/g, and 7.5-14.4 m?/g, respectively. The results
of the N, sorption analysis conform with the surface morphology observed
by the SEM technique. The CS hydrochars typically obtain the more
significant porosity with the highest surface area, while LW hydrochars
and co-hydrochars have a characteristic of less porosity. This result is
assured by SEM micrographs, as demonstrated in Figure 4. However, the
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LW aggregated to CS hydrochars during the Co-HTC process also seemingly
contributes to increasing hydrochar production yield and energy yield for
the co-hydrochar samples (seen in SEM micrographs). Regarding N,
adsorption analysis, it can imply that N, sorption isotherms can efficiently
explain the synergistic effects of the Co-HTC process by the metamorphosis
of hydrochar surface characteristics, which could affect other fuel
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Figure 6. FTIR spectra of CS feedstock, LW feedstock, conventional hydrochars, and co-hydrochars.

Figure 6 displays the Fourier transform infrared spectroscopy (FTIR)
spectra, which evaluates the characteristics of surface functional groups
for different samples, including raw CS feedstock, raw LW feedstock,
hydrochars produced at 240 °C for 4 h, and co-hydrochars produced at
different HTC temperatures of 200, 240, and 280 for 4 h. The FTIR spectra
were observed in the wavelength between 4000-400 cm™ using
transmittance mode. For CS surface functional groups obtained from the
FTIR technique, the small broad peak between 3680-3000 cm™ ascribes
the vibration of -OH stretching of hydroxyl and carbonyl groups contained
in lignin, which is commonly a chemical component of plant-based
biomass. Also, the bands located at 1600 and 1512 cm™ were ascribed to -
C-C- of lignin [57]. The vibration peaks center at 2975 and 2800 cm™ are
associated with the C-H stretching of aliphatic compounds for
polysaccharides in the hemicellulose and cellulose [58], While the broad
peak between 1470-1750 cm™ ascribed to the C=0 stretching in carbonyl
and ester groups of hemicellulose, cellulose and lignin components. The
vibration bands located at 1250-950 cm™! mainly correspond to the C-O-C
vibration of hemicellulose and cellulose content [43]. In addition, LW
feedstock shows the different characteristics of the FTIR spectrum due to
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animal waste-derived biomass. In the FTIR spectrum, a significant
vibration was observed around the band centered at 3300 cm™, mainly
ascribed to N-H stretching. Moreover, the high-intensity peak located at
1660 cm™ correlated with C=0 stretching in amides, which substantially
decreased by hydrothermal treatment. The intensity of the broadband
around 1470-1560 cm™ shows a combination signal of N-H and C-N
stretching vibrations in the collagen amide groups [59].

In addition, the intense peak at around 1240 cm ™ corresponds to the N-
H and C-N blending vibration related to amide groups and the CH;
bonding vibration in a structure of protein and glycine linkages [60].
Previous studies implied that the characteristic of ash constituents
contained in biomass structure was at the intensity band below 650 cm™
[61,62]. However, the surface functional groups of hydrochar and co-
hydrochar products were noticeably decomposed and correlated with the
severity of the hydrothermal condition. The enhancement of the
carbonization degree during the hydrothermal treatment process is
variable by raising the temperature, which is directly beneficial for the
endothermic reaction. Process temperature and time increases
significantly decompose the oxygenated functional groups by
dehydration, DCO, and DCO; reactions, which became less intense FTIR
spectra. This phenomenon directly reduced O, H contents (See ultimate
analysis in Table 2). However, the FTIR spectra of LW hydrochar and co-
hydrochar samples show the reduction of N-functional groups. This result
indicates that the denitrification reaction occurred simultaneously during
the HTC and Co-HTC processes, gradually decreasing the N percentage [63].
This finding is also evident by ultimate analyses. The weak intensity band
correlated to oxygenated groups on FTIR spectra of hydrochar and co-
hydrochar products reveals the purity of carbon content achieved from
the hydrothermal treatment. This result also corresponds to the aromatic
carbon structure (C=C) at the band between 1530-1500cm™?, shown in FTIR
spectra of all resulting hydrochar products.

Hygroscopic Properties of Hydrochar and Co-Hydrochar Products

In theory, measuring the contact angle of water droplets and
equilibrium moisture content (EMC) is widely explored for the
hydrophobicity of biomass and biomass-derived solid fuel. Moreover,
biomass hygroscopicity reduction extent (HRE) represents the reduction
of biomass hygroscopicity. Figure 7 displays the EMC and HRE profiles
with a relationship of % mass loss for different feedstocks and hydrochar
samples. The EMC values of different hydrochars substantially declined,
following the mass loss trend, which occurred with increasing
hydrothermal severity. The findings could be explained by the
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dehydration of oxygen compounds through the thermal decomposition
during HTC and Co-HTC processes (see Figure 7a). It is also evident in the
report from a previous study [64]. The co-hydrochar exhibited a higher
EMC value due to its synergistic effect on the carbon atom deposition
between leather waste and corn stalk during the Co-HTC process. However,
the lower ash content of co-hydrochar may improve their HRE because
more ash composition presents more hydrophilicity [65]. This result also
correlates with the proximate analyses listed in Table 2. In addition, the
hydrophobicity of hydrochar samples is in line with the increase in HRE
values (Figure 7b). The highest HRE also presents for co-hydrochar,
reaching up to 70.14% at a Co-HTC condition of 280 °C for 4 h. The thermal
conversion process could achieve the development of EMC. Wei-Hsin Chen
et al. (2018) reported that the HRE profile of fir residues was enhanced
entirely as high as 57.39% by the conventional torrefaction at 230 °C [66].
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Nonetheless, Figure 7c shows profiles of contact angles operated using
a high-resolution optical camera with a video measurement system
between 0-40 s. The hydrophilic surface of biomass presents the water
contact angle near 0°. Figure 7d shows the appearance of the hydrophilic
surface of blended feedstock (CSLW). The initial water contact angle of
79.3° on the surface of raw CSLW becomes 0° approximately in 32 s,
showing that raw biomass essentially has a hygroscopic nature.
Meanwhile, the HTC and Co-HTC processes caused the increasing water
contact angle, resulting in more hydrophobicity. The constant water
contact angle found on the surface of co-hydrochars produced at 240 and
280 °C, respectively. The contact angle of hydrochar produced at harsh
conditions (280 °C, contact angle of 119.5°) is specifically higher than in
mild conditions (200 °C, contact angle of 82.7°, and 240 °C, contact angle
104.3°). It can imply that co-hydrochar produced at 280 °C exhibited a
superior hydrophobic property. The hydrophilic property of raw biomass
is mainly because of existing oxygenated functional groups in their
chemical structure, including hydroxyl (-OH), carbonyl (C=0), and
carboxylic acid groups (COOH) for plant-based biomass [58,67], while
amide (N-H) and nitrile (C-N) groups for leather waste contain a protein
structure [59]. Hence, eliminating the mentioned functional groups
through the hydrothermal treatment process improves hydrophobicity.
Improving hygroscopic behavior after the hydrothermal treatment can
improve solid fuel stability and biodegradation properties [62,66].

CONCLUSIONS

This current study demonstrates the potential of hydrothermal
carbonization (HTC) and co-hydrothermal carbonization (Co-HTC)
processes in producing a sustainable solid biofuel from corn stalk residue
and leather waste that examined the effects of HTC and Co-HTC at reaction
temperatures of 200, 240, and 280 °C and hydrothermal treatment
durations of 1, 4, and 8 h. Finding results showed that the severity of HTC
and Co-HTC substantially caused the improvement of physicochemical
properties and fuel characteristics of hydrochar products due to the
release of some volatile matters and the loss of ash content. Moreover, the
corrosive elements, including sulfur, chlorine, and nitrogen, were
accomplishedly removed after the HTC and Co-HTC processes. Also, the
leaching of total ash content of hydrochar was significantly reduced up to
44.52% for the condition of residence time of 4 h.

Moreover, a long period of residence time significantly promoted the
reconstruction of ash due to the re-polymerization of the hydrothermal
treatment process. The Co-HTC exhibited a synergistic effect towards
achieving superior fuel quality, such as higher energy yield and lower total
ash content. However, hydrochar and co-hydrochar products have a
heating value of 16.8-23.4 M]J/kg after hydrothermal processing. The
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resulting hydrochar has the potential as a bio-solid fuel substitute for solid
fossil fuels for heat production. The hygroscopicity reduction extend (HRE)
measured the hygroscopic nature of samples. The hydrochar products
have an HRE value in the range of 31.38%-70.14%, indicating the
transformation of the hydrophilic nature of biomass into hydrophobic
behavior resulted in high resistance to microbial degradation and
prolonging the storage period of hydrochar products. Overall, the finding
results from this study showed that HTC and Co-HTC are effective
thermochemical conversion processes for improving the fuel quality of
biomass feedstock. Moreover, it could fulfill designing experiments in a
pilot-scale HTC and Co-HTC processes of corn stalk residue, leather waste,
and their blended feedstock.
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