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Hydrochar derived from food waste digestate through catalytic co-hydrothermal treatment has excellent energy potential.

Public summary

m Carbon-rich hydrochar with a high heating value was prepared from food waste digestate and wood waste via catalytic
co-hydrothermal treatment.

m Hydrochar possessed abundant functional groups and retained alkali metal elements.

m Hydrochar demonstrated comprehensive combustion performance and superior combustion reactivity.
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Abstract: Catalytic hydrothermal treatment is considered one of the most promising technologies for recovering energy
from carbonaceous wastes. In so doing, it facilitates the realization of waste-to-energy and resource utilization efforts. In
this study, hydrochar was prepared from food waste digestate and wood waste via catalytic co-hydrothermal treatment us-
ing potassium carbonate (K,CO;) and sodium carbonate (Na,CO;) as alkali catalysts. Based on the physicochemical prop-
erties of hydrochar, including proximate analysis, element distribution, high heating value (HHV), surface functional
groups, and morphology, the gaseous products of pyrolysis and the combustion performance of hydrochar were further in-
vestigated using TG-FTIR-MS and TG-DSC, respectively. In addition, the hydrochar combustion kinetics and thermody-
namics were probed. Specifically, the hydrochar obtained from Na,CO; catalysis (HC-Na) demonstrated a higher heating
value (26.85 MJ-kg™) with higher calcium retention, while the hydrochar obtained from K,COj; catalysis (HC-K) had a
greater number of functional groups and larger carbon content. Moreover, the pyrolysis gaseous products of hydrochar
were rich in hydrocarbons. HC-K exhibited better comprehensive combustion performance with the activation energy (Ea)
values of 79.32 kJ-mol™ and 67.91 kJ-mol™ using the Flynn-Wall-Ozawa and Kissinger-Akahira-Sunose methods, respect-
ively. These results provide a prospect for enhancing the comprehensive utilization of carbonaceous solid waste through
catalytic co-hydrothermal treatment.

Keywords: hydrochar; catalyst; physicochemical properties; gaseous products; kinetics

CLC number: X705 Document code: A
obtained from the microwave-assisted hydrothermal carboniz-
1 Introduction ation of food waste digestate, and found that the activation
. . ) ) energy (Ea) value of hydrochar was in the range of
To achieve carbon peaking and carbon neutrality, the pursuit 85.2-106.5 kJ-mol". Zhang et al.'"” evaluated the manage-

of clean and sustainable energy has been attracting increasing
attention! . Energy recovery from carbonaceous wastes such
as biomass', animal manure®, and food waste!” isa prom-
ising pathway that not only provides energy, but also contrib-

ment and valorization of food waste digestate through a hy-
drothermal process, and found that metal elements tended to
aggregate into solid products, whereas carbon was mostly dis-
solved in liquids.

utes to waste treatment, thereby multiplying the environment- Unlike the hydrothermal treatment of biomass, food waste
al benefits. Food waste digestate, the residue of the anaerobic digestate contains a high ash content (generally greater than
digestion of food waste, is usually used for soil improvement, 30%), which limits the product yield and quality of the direct
but this inevitably brings about new environmental problems, hydrothermal process'”. The addition of low-ash biomass to
such as odor, pathogen exposure, and greenhouse gas produc- the hydrothermal system is an excellent strategy for improv-
tion” . Therefore, to avoid the environmental issues caused ing product yield and quality"*'?. Lang et al.'” explored the
by dealing with food waste digestate, and to further exploit its effects of adding corn stalk to swine manure during the hy-
energy potential, hydrothermal treatment is considered a  drothermal process, and found that the addition of corn stalk
promising energy conversion method to realize the energy significantly enhanced the combustion performance of hy-
utilization of food waste digestate!”. Zhang et al.'? explored drochar. Lu et al.'"” studied the addition of lignocellulosic bio-
the dehydration mechanism of food waste digestate during mass to sewage sludge in co-hydrothermal carbonization, and
hydrothermal treatment. When the temperature of hydro- found that the presence of biomass can optimize the transfer
thermal treatment was above 180 °C, the bound water was re- of heavy metals and increase the heating value of hydrochar.
moved through the polymerization and aromatization reac- Sharma et al.'¥ investigated the products of the co-hydro-
tions. Xie et al.'" studied the pyrolysis kinetics of hydrochar thermal treatment of food waste and yard waste, and found
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that the solid products had higher energy density, higher mass
density, and better mechanical properties. In this context, the
co-hydrothermal treatment strategy of adding wood waste to
food waste digestate has been proposed to improve the qual-
ity of the finished product.

Generally, to improve the efficiency and economic use of
hydrothermal treatments, the products of different phases
from hydrothermal liquefaction, such as bio-oil and hy-
drochar, need to be comprehensively improved. Catalysts are
considered the most efficient tool to enhance product quality,
especially that of bio-oil, under milder reaction conditions’.
Saber et al.” improved the quality and yield of bio-oil by
adding different kinds of catalysts, including nano-Ni/SiO,,
synthesized zeolite, and Na,CO; during microalgae hydro-
thermal treatment. Imai et al.”" investigated the slurry ob-
tained from the catalytic hydrothermal treatment of sawdust
using K,COj as a catalyst, and found that the catalyst loading
affected the element distribution and heating value of the
slurry. Shah et al.”” studied the effects of an alkali catalyst
(K,CO;3) on product distribution from the hydrothermal lique-
faction of sewage sludge, and found that the catalyst could
improve the yield and quality of the bio-crude product. At
present, there are many pieces of research that are focusing on
the effects of catalysts on the liquid product of the hydro-
thermal reaction, while the effects on solid products have
been neglected™ *". In fact, exploring the effect of catalysts
on solid product hydrochar is necessary to better exploit the
application potential of hydrochar. Therefore, the catalytic co-
hydrothermal strategy for food waste digestate and wood
waste was proposed to investigate the effects of catalysts on
solid products and in energy applications. This was done with
the aim of contributing to the more efficient utilization of
catalytic hydrothermal products.

In this study, hydrochar was prepared from food waste di-
gestate and wood waste using a catalytic co-hydrothermal
treatment based on alkali catalysts (K,CO; and Na,COs). The
physicochemical properties of the hydrochar, including prox-
imate analysis, element distribution, heating value, surface
functional groups, and morphology, were explored. Based on
these results, the gaseous products of pyrolysis and the com-
bustion properties of the hydrochar were investigated using a
thermogravimetric analyzer coupled with an infrared spectro-
photometer and a mass spectrometer (TG-FTIR-MS) and a
thermogravimetric analyzer coupled with a differential scan-
ning calorimeter (TG-DSC), respectively. Furthermore, hy-
drochar combustion kinetics and thermodynamics were in-
vestigated. This study provides a basis for deconstructing the
effect of catalysts on solid products in catalytic hydrothermal
treatments, thereby improving the comprehensive utilization
efficiency of this treatment.

2 Materials and methods

2.1

Food waste digestate (FWD) and wood waste (WW) were
collected from a local recycling department in Hong Kong.
Because food waste digestate has a high ash content, which is
not conducive to hydrothermal transformation and heat trans-
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fer, it was washed with 1 mol-L"' HCI for deashing. There-
after, the feedstock was pulverized to a size less than 30
mesh, and placed in an oven at 105 °C for 48 h. Potassium
carbonate (K,CO;) and sodium carbonate (Na,CO;) were
used as the alkali catalysts in this study.

2.2 Hydrochar preparation

A 500 mL Parr reactor was used for the hydrothermal experi-
ments. For each experiment, 30 g of feedstock was mixed
with 3 g of catalyst via wet impregnation using 150 mL of de-
ionized water. The sealed reactor was heated to 250 °C at a
rate of 10 °C-min™', which was maintained for 2 h. The speed
of the stirrer was set at 200 rrmin™', which was sustained to
ensure adequate mixing. When the reaction was complete, the
reactor was cooled to room temperature using circulating wa-
ter. Hydrochar was obtained through filtration and placed in a
60 °C oven for 72 h for subsequent analysis. The hydrochar
obtained using K,CO; and Na,COj; as catalysts were named
HC-K and HC-Na, respectively.

2.3 Characterization of hydrochar

The ultimate analysis and heating value of the hydrochar were
determined using an element analyzer and bomb calorimeter,
respectively. The proximate analysis of the hydrochar was
performed according to the guidelines of GB/T 28731-2012.
The content of active alkali and alkaline earth metals
(AAEMs) in the ash of the hydrochar was determined by in-
ductively coupled plasma optical emission spectroscopy (ICP-
OES).

The surface functional groups of the hydrochar were char-
acterized using an infrared spectrophotometer in the range of
4000—400 cm™ wavenumbers. The crystalline structure of the
hydrochar was analyzed using X-ray diffraction (XRD). Ad-
ditionally, the surface morphology and surface elemental
composition of the hydrochar were observed using scanning
electron microscopy coupled with energy-dispersive X-ray
spectroscopy (SEM-EDX). The chemical composition of the
hydrochar surfaces was determined using X-ray photoelec-
tron spectroscopy (XPS).

2.4 Thermal decomposition and combustion analysis

A thermogravimetric analyzer coupled with an infrared spec-
trophotometer and a mass spectrometer (TG-FTIR-MS) was
used to analyze the thermal decomposition of the hydrochar.
Approximately 10 mg of hydrochar was heated from room
temperature to 900 °C, at a heating rate of 20 °C-min’’, in a
helium-filled atmosphere. The capillary line connecting the
TG to the FTIR and the MS was kept at 250 °C, and the scan
ranges for the FTIR and MS were 4000400 cm ' and 44-300
(m/z), respectively.

The hydrochar combustion test was performed using a ther-
mogravimetric analyzer coupled with a differential scanning
calorimeter (TG-DSC), at a heating rate of 20 °C-min™, in air.
Based on Egs. (1) and (2), the comprehensive combustion
index (CCI) and combustion stability index (CSI) were used
to further evaluate the combustion performance of the hy-
drochar"*.

DTGmax X DTGmean

I =
cC T, ,

(1
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s

CSI = 8.5875%10"x 2)

where DTG, and DTG,,, are the maximum mass loss rate
and average mass loss rate (%-°C™), respectively; and T, T,
and T, represent the ignition temperature, burnout temperat-
ure, and temperature with the maximum mass loss rate, re-
spectively.

2.5 Kinetic and thermodynamic parameters

For kinetic analysis, the combustion characteristics of hy-
drochar at the heating rates of 10, 20, 30, and 40 °C-min™
were also obtained via thermogravimetric analysis. The activ-
ation energy (Ea), which represents the minimum energy for
the reaction to occur, was calculated using the Flynn-Wall-
Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) meth-
ods, as shown in Eq. (3) and Eq. (4), respectively™!.

@ EIY
Ing=1n Rg(a)]—5.331 ~RT 3)
B\ . ( AR\ E,
ln(ﬁ)_ln(Eg(a))_RT’ @)

where f and E are the heating rate (K-min™) and activation
energy (kJ-mol™), respectively; 4 and T represent the fre-
quency factor (s™) and absolute temperature (K), respectively;
and R is the universal gas constant (8.314 J-mol™-K™). The
value of a was calculated using Eq. (5) based on the thermo-
gravimetric curve.

my—m,

)

a = s
Mo =My
where mg, m;, and m, are the initial mass, the mass at the end
of the reaction, and the mass of the sample at time ¢, respect-
ively.

Based on Egs. (3) and (4), the activation energy can be cal-
culated from the slope of the plot of In f or In(f/T*) versus 1/T
at different heating rates.

In addition, thermodynamic parameters such as the en-
thalpy change (AH), Gibbs free energy change (AG), and en-
tropy change (AS) were calculated using Egs. (6)—(9)"**.

E
E —
A_,B exp(RTm) "
- RI? ’
AH = E —RT, @)
K,T
AG = E+RT,]1 (B—) 8
G=E+RT,In( =~ (3

_AH-AG
T

m

AS : ©)
where Kj is the Boltzmann constant (1.38064852x 107
J- K™, T, is peak temperature, and /4 is Plank’s constant

(6.62607004 x 10 J-s).
3 Results and discussion

3.1 Evaluation of hydrochar properties

The physicochemical properties of the hydrochar obtained us-
ing different alkali catalysts were comprehensively analyzed.
The proximate and ultimate analyses of the hydrochar are lis-
ted in Table 1. It was found that while HC-Na had a higher
ash content, the fixed carbon content of the different hy-
drochars was similar. More carbon was present in HC-K, in-
dicating that the sodium carbonate catalyst had a superior car-
bon fixation effect. In addition, the O/C ratio of HC-K was
lower, indicating that HC-K was more stable. In contrast, HC-
Na had a higher HHV, which was mainly attributed to its
higher hydrogen content. The active alkali and alkaline earth
metal contents of the hydrochar ash are shown in Table S1. It
is clear that the hydrochar obtained with K,CO; as the cata-
lyst contained more potassium, whereas the hydrochar ob-
tained with Na,CO; as the catalyst contained more sodium.
However, it cannot be ignored that calcium also played an im-
portant role in the ash, which was mainly derived from food
waste digestate. There was more calcium in HC-Na, indicat-
ing that, as a catalyst, sodium carbonate could retain more
calcium in the solid product during the hydrothermal process.

The infrared spectra of the hydrochar are depicted in
Fig. la. HC-K and HC-Na had the same absorption peaks,
mainly 3600-3200, 2928, 2860, 1766, 1636, 1535, 1444, and
1300-1100 cm™. Among them, the absorption band at
3600-3200 cm™ was assigned to O—H, which was mainly at-
tributed to the presence of H,O and phenols in the hydrochar.
The absorption peaks at 2928 cm™ and 2860 cm™ were re-
lated to the C—H vibrations, whereas those at 1766 cm™ be-
longed to the C=0O in aldehydes, ketones, and carboxylic
acids®”. The absorption peaks at 1636 cm™ and 1535 cm™
corresponded to the aromatic skeleton, and the absorption
peak at 1444 cm™ was due to the presence of C—H deforma-
tion™, Furthermore, the band at 1300-1100 cm™ was attrib-
uted to the existence of R-OH™. It is worth noting that HC-
Na had stronger absorption peaks, indicating that the func-
tional groups in HC-Na were more abundant. The XRD pat-
terns of the hydrochars are shown in Fig. 1b. Both HC-K and
HC-Na had some thin and prominent peaks representing KCI
and NaCl, respectively, proving that a large amount of po-
tassium and sodium was present in the hydrochar.

Fig. S1 shows SEM images of the surface morphology of

Table 1. The proximate analysis, ultimate analysis, and HHV of hydrochar (dry basis).

Proximate analysis wy(%)

Ultimate analysis wy(%)

Samples HHV(MIJ-kg™)
VM FCe VM/(VM+FC) C H o N 0o/C H/C
HC-K 13.17 58.48 28.35 0.67 58.63 6.50 17.17 4.53 0.22 1.33 23.71
HC-Na 14.37 57.58 28.05 0.67 55.75 7.29 17.59 5.00 0.24 1.57 26.85
[Note] * Calculated by difference.
3-3 DOI: 10.52396/JUSTC-2022-0049
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Fig. 1. The (a) infrared spectra and (b) XRD patterns of hydrochar.

the hydrochar. In these images, HC-K had more pores, where-
as HC-Na had a rough surface, which may be due to its high-
er ash content. The EDX pattern also indicated the presence
of potassium and sodium in HC-K and HC-Na, respectively.
It was clear, as expected, that HC-K had more potassium and
HC-Na had more sodium. In addition, chlorine was found,
with its source mainly being from food waste digestate. Silic-
on and iron were also notable elements from the food waste
digestate and wood waste. Meanwhile, other elements, such
as aluminum, calcium, and magnesium, were also observed,
which was consistent with the ICP results (Table S1).

The XPS spectra were obtained to further evaluate the sur-
face functional groups of the hydrochar (Fig. S2). All spectra
were calibrated based on C 1s. The C s spectrum was broken
down into three distinctive peaks, which corresponded to
C—C/C=C in the aromatic ring (284.8 ¢V), C-O (285.6 eV),
and C=0 (288.1 eV)'. The ratio of C—-C/C=C in the hy-
drochar was greater than 80%, revealing the presence of an
abundant amount of aromatic rings. There were also more
aromatic rings in HC-K, indicating that the potassium carbon-
ate catalyst was more favorable for retaining the aromatic ring
structure in the hydrochar. This is also consistent with the
higher carbon content observed in HC-K. In addition, the
O 1s spectrum consisted of four individual peaks, which cor-
responded to C=0 (531.3 eV), C—O-C/~OH (532.5 eV),
R’'-O-R’ (533.8 eV), and O—C=0/C-O (534.8 eV). Com-
pared with HC-Na, the ratio of C-O—C/~OH components in
HC-K was higher, which indicated that potassium carbonate

(2)

0.010 ¢

e
=3
=3
a3

Absorbance

" 0.000

T
1000 1500 2000 3000

Wavenumber (cm™)

3500 4000

500

(b)

20 30 40
20 ()

10

was more conducive to the formation of C-O—C/-OH in the
hydrochar. In addition, HC-Na had a high proportion of C=0,
indicating that sodium carbonate was more favorable for the
formation of C=0. Nitrogen, as a compulsory component, dir-
ectly affects the application of hydrochar owing to environ-
mental protection. The nitrogen-containing functional groups
(400 ¢V) in the hydrochar were separated into three common
components (N-Q, N-5, and N-6). The ratio of N-5 in HC-K
was higher than that of HC-Na with a small difference.

3.2 Analysis of the evolved gas

Pyrolysis is the first stage of carbonaceous feedstock combus-
tion, and the gaseous products produced by pyrolysis form the
basis for combustion. FTIR and MS were used to monitor the
pyrolysis gas products of the hydrochar. Fig. 2 presents the
infrared spectra of the gaseous products of hydrochar during
pyrolysis as a function of temperature. Typical absorption
peaks included mainly C-H (2930 cm™), CO (2180 cm™),
C=0 (1766 cm™), C=C (1636 cm™), and CO (1300-1100
cm™), and the substances containing these functional groups
may be direct energy contributors during the combustion pro-
cess. Naturally, the absorption peaks of H,O (3600-3200
cm™) and CO, (2360 cm™) cannot be ignored. The infrared
absorption peak of C—H was the most prominent, indicating
that a large amount of hydrocarbons was generated during the
pyrolysis of the hydrochar. Furthermore, with an increase in
temperature, the infrared absorption peak gradually enhanced,
and the most obvious infrared absorption peak was found

(b) ‘

0.012 ¢

Absorbance

0.000

1000 1500 2000 3000

Wavenumber (cm™)

3500

Fig. 2. FTIR spectrum of the gaseous products of hydrochar as a function of temperature for (a) HC-K and (b) HC-Na.
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Fig. 3. Evolution curves of the main ionized fragments during hydrochar pyrolysis for HC-K (a—c) and HC-Na (d—f).

mainly in the temperature range of 300-500 °C. In addition,
the infrared absorption peaks of the pyrolysis gas products of
HC-Na were more attractive, indicating that the pyrolysis pro-
cess of HC-Na was more intense, possibly because of the
more obvious catalytic promotion effect of the AAEMs in HC-
Na.

Although FTIR can detect pyrolysis gas products, such as
hydrocarbons, phenols, aldehydes, and aromatics, it cannot
identify the specific gas species. Therefore, MS analysis can
be used as a supplementary method to more precisely define
the species within pyrolysis gas products®’. The evolution
curves of typical gas products as a function of temperature are
shown in Fig. 3. The specific m/z and possible gaseous
products are listed in Table S22 Typical ionized fragments
(53, 55, 57, 58, 60, 67, 69, 71, 74, 78, 81, 83, 85, 91, 93, 95,
97, and 99) were selected because of their low intensities
(m/z>100),

During HC-K pyrolysis, the butene (C,H;") / propargyl al-
cohol (C;H;0") with an m/z of 55, butane (C,Hy") with an m/z
of 57, and toluene (C;H,) with an m/z of 91 had the most pro-
nounced intensities, and their peak temperatures were 444,
469, and 457 °C, respectively. This indicates that a large
amount of hydrocarbons was produced during the pyrolysis of
HC-K. Pentane (CsH;;") with an m/z of 71 and hexyne

100

80 [

60

TG (%)

40

20 .~

L L

L
200 400 600 800
Temperature (°C)

Fig. 4. Combustion performance (TG-DTG-DSC curves) of hydrochar.

DTG (%/°C)
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(C¢Hy") / 2-methylfuran (CsH4O") with an m/z of 81 also had
relatively notable strength with prominent shoulders. This
shows that these substances were produced during the co-hy-
drothermal process. The pyrolysis of HC-Na had the same
prominent peaks and a similar temperature distribution as
those of HC-K. It is worth noting that the strength of the ion-
ized fragments of the pyrolysis products of HC-Na were sig-
nificantly stronger than those of HC-K, which may be due to
the active catalytic effects of sodium in the hydrochar. Simul-
taneously, the intensities of the ion fragments with m/z values
of 71 and 81 increased relative to the m/z of 55. Thus, based
on the information noted above, substantial hydrocarbon pro-
duction was monitored during hydrochar pyrolysis, which fa-
cilitated the combustion process.

3.3 Combustion characteristics of hydrochar

Combustion performance analysis is the most direct method
to assess the potential of hydrochar as a fuel. The combustion
behavior of the hydrochar was revealed by TG-DSC analysis
(Fig. 4). The combustion process can be divided into three
stages: the release of moisture and volatiles, the main com-
bustion stage, and the ash melting stage. The main combus-
tion stage occurred between 190-680 °C. It was found that for
HC-Na, both the TG-DTG and DSC curves shifted towards

25
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Fig. 5. The isoconversional plots of hydrochar at different conversion rates estimated using the KAS and FWO methods for HC-K (a—b) and HC-Na

(c—d).

Table 2. Kinetics parameters for the combustion of hydrochar.

E, with different conversion rates (kJ-mol™)

Samples 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Average
FWO 79.36 82.34 80.88 81.70 82.64 79.66 7533 75.11 76.89 79.32
Hex KAS 70.56 72.16 70.07 70.38 70.93 67.63 63.03 62.52 63.90 67.91
HC-Na FWO 84.94 120.65 110.53 106.07 100.22 89.90 88.82 91.33 96.58 98.78
KAS 76.32 110.55 99.71 94.69 88.41 77.74 76.40 78.67 83.63 87.35

the high-temperature region when compared with the HC-K
curves. This may be due to the fact that HC-Na had a higher
ash content. Correspondingly, HC-K released more heat in
the low temperature range. The slope of the DTG curve was
lower in the low-temperature region, which is generally con-
sidered to be the pyrolysis stage before the combustion of the
hydrochar. Notably, there were two significant peaks at 428 °C
and 479 °C in the combustion DTG curves of HC-K, and HC-
Na exhibited the same pattern. Moreover, there was a setback
near 450 °C in the DTG curve accompanied by an endotherm,
which may be due to the eutectic reaction of the molten salt
present in the hydrochar®.

Typical combustion parameters are listed in Table S3. The
maximum mass loss rate for HC-K was 0.29%-°C ™" at 428
°C, and the maximum mass loss rate for HC-Na was
0.27%:°C™" at 435 °C. HC-K had greater mass loss and aver-
age mass loss rates, but the ignition temperature, burnout tem-
perature, and peak temperature were lower than those of HC-
Na. Correspondingly, the comprehensive combustion and
combustion stability indices of HC-K were higher, indicating
that the combustion performance of HC-K was better.

3-6

3.4 Kinetic and thermodynamic analysis

Kinetic analysis of combustion is an important method used
to evaluate combustion performance. The curves of In(f) and
In(p/T%) versus 1/T were plotted to obtain the activation en-
ergy based on the FWO and KAS methods, as shown in
Fig. 5. The activation energy values at different conversion
ratios (0.1-0.9) were calculated from the slope of the curve
(Table 2). The correlation coefficient of the curve was great-
er than 0.9, indicating that the fitting is highly reliable.

During the combustion of HC-K, the activation energy val-
ues at different conversion ratios were within 75.11-82.64
kJ-mol™ and 62.52-72.16 kJ-mol™" using the FWO and KAS
methods, respectively. The activation energy of HC-Na was
within 84.94-120.65 kJ-mol™ and 76.32-110.55 kJ-mol™ us-
ing FWO and KAS methods, respectively. The combustion
activation energy of HC-Na fluctuated more than that of HC-
K, and the activation energy of HC-Na was higher than that
of HC-K. This may be due to the fact that the acceleration ef-
fects of potassium during hydrochar combustion were
stronger than those of sodium”>**, The activation energy var-
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ied with the conversion rate, indicating that the combustion of
hydrochar is a complex multistep reaction. In addition, HC-K
had larger average activation energy values, estimated to be
98.78 kJ-mol™ and 87.35 kJ-mol™ using the FWO and KAS
methods, respectively. This indicates that HC-Na needed to
break through a larger energy barrier to begin combustion.
Compared with the Ea of other feedstock such as rice husk
(54.82 kJ-mol ™)), wheat straw (77.65 kJ-mol")"*, and corn
straw (36.14 kJ-mol™)*. the hydrochar in this study had
higher activation energy values.

The values of the thermodynamic parameters of hydrochar
combustion were further calculated at the lowest heating rate
(10 °C-min™") based on the FWO and KAS methods. At low
heating rates, the thermal decomposition process was more
precise; the results for which are presented in Table 3. HC-Na
had a larger pre-exponential factor (4) (estimated to be
6.32%10° s with the FWO method and 8.18x10° s with the
KAS method), indicating higher molecular collisions to be
transferred™. The enthalpy change (AH) refers to the total en-
ergy change within the system. It is clear that the trends of en-
thalpy change and activation energy were consistent, and HC-
K had a higher value (73.55 kJ-mol™ as estimated using the

FWO method and 62.14 kJ-mol™ estimated using the KAS
method). Comparing the AH with the Ea values of hydrochar,
there was a small potential energy barrier (approximately
6 kJ-mol™), which demonstrates the feasibility of the combus-
tion reaction. The smaller the difference of AH to Ea values,
the more likely the thermal conversions of hydrochar are to
occur. The Gibbs free energy change (AG) represents the
total energy increase in a system™!. Although HC-K had a
smaller AG (estimated to be 207.79 kJ-mol™ using the FWO
method and 208.69 kJ-mol™ using the KAS method), it was
not very different from that of HC-Na. This indicates that the
difference in energy production between HC-K and HC-Na
was small. The entropy change (AS) represents the degree of
disorder within a system"’. It is worth noting that all the val-
ues of entropy change during the hydrochar combustion were
negative. The entropy changes in HC-K were estimated to be
—193.44 J-mol™-K™" and —211.17 J-mol™-K™" using the FWO
and KAS methods, respectively, while those of HC-Na were
—168.59 J-mol"-K™" and —185.59 J- mol'-K™, respectively.
Negative AS values indicate a lower degree of disorder
among the products*'.

Table 3. Thermodynamic parameters calculated using the FWO and KAS methods at a heating rate of 10 °C-min .

Samples A(s) AH (kJ'mol™) AG (kI'mol ™) AS (J'mol K ")
FWO 3.09x10° 73.55 207.79 ~193 .44
HC-K
KAS 3.66x10° 62.14 208.69 211.17
FWO 6.32x10* 92.83 213.43 ~168.59
HC-Na
KAS 8.18x10° 81.40 214.16 ~185.59

4 Conclusions

Carbon-rich hydrochar with a high heating value (up to 26.85
MJ-kg") was prepared from food waste digestate and wood
waste using catalytic co-hydrothermal treatment. The result-
ing hydrochar possessed abundant functional groups and the
ability to retain alkali metal elements. The hydrochar pyrolys-
is gas contained a notable amount of hydrocarbons, and the
intensity of HC-Na was greater. HC-K demonstrated a higher
comprehensive combustion index and lower combustion ac-
tivation energy values (79.32 kJ-mol™ and 67.91 kJ-mol™ es-
timated using the FWO and KAS methods, respectively). The
thermodynamic parameters confirmed the superior combus-
tion reactivity of hydrochar. This study demonstrated that
food waste digestate can be regarded as a potential energy-
generating raw material through a catalytic co-hydrothermal
process. In so doing, its comprehensive and efficient utiliza-
tion may be realized. It is worth noting that the complexity of
the feedstock may limit the catalytic hydrothermal treatment
effect. In future works, the types of solid waste and larger
scale need to be further explored.

Supporting information

The supporting information for this article can be found on-
line at https://doi.org/10.52396/JUSTC-2022-0049. It  in-
cludes two figures and three tables.
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