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Anaerobic digestion is the most promising disposal methods to treat organic waste. Also, a feasible management
is necessary for the resulted digestate. Hydrothermal carbonization (HTC) combination with pyrolysis could be a
proper solution to use for the treatment of digestate. In this study, the effect of an HTC on the pyrolysis of the
digestate of agricultural waste (AWD) was investigated, focusing on the kinetic and thermodynamic aspects.
Three model-free methods, including Friedman, KAS, and OFW methods, were used to evaluate the kinetic
performance of the total and pseudo pyrolytic reactions of AWD and its hydrochar. Furthermore, kinetic pre-
dictions were made to provide more information for further studies. It was found that the HTC treatment
decreased the activation energy ranges of the pyrolysis of AWD from 182.9-274.43 kJ/mol to 144.59-205.20 kJ/
mol by using the Friedman method. For a more thorough understanding of the effect of HTC treatment on the
pyrolysis of AWD, the pyrolysis reactions of AWD and its hydrochar were divided into two pseudoreactions using
the Fraser-Suzuki deconvolution method. The mean activation energy of the deduced pseudo 2 pyrolytic reaction
of hydrochar was 175.64 kJ/mol, which was 28.11 kJ/mol less than that of AWD. In addition, the AH' values of
the pseudo 2 reactions of AWD and its hydrochar were 197.97 and 169.68 kJ/mol, respectively. The results of
kinetic isothermal predictions suggested that the peak temperature for the further research and application of the
pyrolysis of AWD and its hydrochar should not be lower than 450 °C.

digestate [5]. Using agricultural waste digestate (AWD) as fertilizer
could result in saltilization, eutrophication, and organics pollution of the

1. Introduction

Agricultural waste (AW) is the waste produced during agricultural
activities, for instance, waste from farms and slaughterhouses [1].
Anaerobic digestion presents the potential to recover energy and ma-
terials from agricultural waste [2]. Anaerobic digestion has the advan-
tage of producing methane from organic waste. The produced methane
can be used as a biofuel or platform chemicals [3]. In general, anaerobic
digestion has been widely applied to the management of agricultural
waste. The digestate, solid residue from the anaerobic digestion process,
is abundant in nutrients to be a candidate to use as a fertilizer [2,4]. The
land application of digestate has been employed for a long time. How-
ever, due to the high nitrogen content contributed by the protein pro-
portion in the AW, a relatively high nitrates content is formed in the
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soil and underground water. EU has introduced the European Nitrates
Directive (91/676/EEC), which limits the land application of the
digestate [6]. Therefore, the digestate is required to be managed in a
more sustainable way.

The abundant organic content in digestate makes it suitable to be
used as a potential renewable fuel source. Previous researches have
focused on producing char, liquid, and gas from digestate through py-
rolysis [7-11]. The resulted char has been investigated as a soil
amendment [12], activated carbon [13], carbon sink [14], or adsorbent
for wastewater treatment [15]. The liquid product has been character-
ized for the application to replace fossil fuel [16] and for nutrient re-
covery [17]. The gas product was studied as gas fuel for electricity
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production.

Overall, there are some technical barriers related to the use of py-
rolysis of digestate. One of the trickiest problems is the high moisture
content of the digestate. Digestate contains approximately 70% moisture
content after the mechanical dewatering process [18], because the water
is trapped as bound water and capillary water in the matrix of digestate.
The energy consumed for evaporation of the moisture content in
digestate during the drying process limits the energy application of the
digestate [9]. Nevertheless, the high moisture content also contributes
to an increase in the cost of transportation and storage [19].

Hydrothermal carbonization (HTC), also named wet torrefaction, is a
thermal chemical valorization process that can carbonize the feedstock
[20]. Reported process temperatures vary significantly, ranging be-
tween 160 °C and 250 °C [21-24]. Also, the pressure is typically auto-
genic and is created during the process by evaporated water and gaseous
products of the process (mainly CO3). The pressure is high enough to
keep most of the water as liquid at the temperatures achieved during the
process. From a practical perspective, high pressure involves an increase
in the thickness of the reactors’ walls. Therefore, demonstration units
typically target the lowest possible temperatures, allowing to obtain the
desired effects on the feedstock at the lowest possible pressure. Thus,
typically temperatures close to 200 °C are selected for operational pilot/
demonstration scale units [25]. HTC has been widely applied to produce
hydrochar from wet organic feedstocks [26-29]. The HTC can convert
the hydrophilic groups on the surface of digestate into hydrophobic
groups, which would enhance the dewaterability of the digestate [30].
With the use of an HTC process to pretreat the digestate, the moisture
content of the hydrochar could reach 50% after a mechanical dewater-
ing process [31]. A new approach of combining the HTC, mechanical
dewatering, and pyrolysis for digestate management is proposed [32].
Stemann et al. have simulated the energy distribution on this new
approach and found that it was feasible to dispose of digestate with
respect to energy purposes [33].

There are some studies available that have focused on the effect of
HTC on the pyrolysis of biomass and waste. Garlapalli et al. investigated
the influence of HTC on the produced char from digested corn silage and
cow manure [34]. Compared to pyrolysis of the digestate, the pyrolysis
of the hydrochar from digestate can produce char with higher surface
areas, higher carbon contents, and lower polycyclic aromatic hydro-
carbon (PAH) contents [34]. Olszewski et al. found that using HTC as a
pretreatment of pyrolysis of spent grains could yield chars with better
physicochemical properties, including higher carbon contents and lower
ash contents [35]. Mechanism studies are critical for designing the
application of the HTC and pyrolysis on the treatment of biomass and
waste. Another study conducted by Olszewski et al. reported the py-
rolysis kinetics parameters of raw and HTC-treated spent grains [36]. Li
et al. compared the kinetics and the intensity of the produced volatile of
the pyrolysis of pinewood sawdust and its hydrochar using a thermog-
ravimetric analyzer coupled with a Fourier transform infrared spec-
trometry (TG-FTIR) [37]. However, the kinetic and thermodynamic
study of HTC pretreatment influence on the pyrolysis of digestate is
remaining scarce, specifically for that of AWD. Thus, a comprehensive
investigation of the pyrolytic kinetics and thermodynamics of AWD and
its hydrochar from different aspects should be able to contribute to the
understanding of the HTC pretreatment’s effect on the pyrolysis of AWD.
Moreover, kinetic predictions based on the resulted kinetic data can
provide a solid reference for relevant future research and applications.

Model-free methods can be used to compute the kinetic parameters
without making any assumptions on the reaction mechanism [38]. AWD
and its hydrochar are both complex mixtures, which makes their ther-
mal decomposition reactions to be sums of a series of different single
reactions. Thus, using the model-free methods can avoid assuming the
reaction mechanisms of the pyrolysis of AWD and its hydrochar. The
model-free methods of Friedman, Kissinger-Akahira-Sunose (KAS), and
Ozawa-Flynn-Wall (OFW) methods are used to calculate the kinetic
parameters of the pyrolysis of AWD and its hydrochar in this study.
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Because these three model-free methods have been widely applied to
analyzed the kinetic properties of the pyrolysis reactions [38-41]: their
effectiveness has been examined and recognized. Moreover, the yielded
kinetic data from this study can easily be compared to other studies
using the same model-free methods.

In this study, for the first time, the effect of HTC pretreatment on
AWD’s pyrolysis behavior has been investigated using thermogravim-
etry (TG) experiments. The Fraser-Suzuki deconvolution method has
been employed to identify and separate the pseudo single-step conver-
sion curves from the master conversion curve. The pyrolytic kinetic and
thermodynamic parameters of the total and pseudo reactions of the
AWD and its hydrochar have been estimated. Model-free methods,
including Friedman, KAS, and OFW methods, are applied to estimate the
kinetic parameters. Thereafter, kinetic predictions are performed based
on the obtained kinetic results.

2. Materials and methods

The diagram of the experiment and analysis process is shown in
Fig. 1. Model-free methods were used in the kinetic analysis. The ki-
netics and thermodynamics of the pyrolysis of AWD and its hydrochar
were estimated by focusing on two aspects: pseudo and total reactions.
The analysis based on the pseudoreaction could make a better under-
standing of the effect of HTC on the pyrolysis kinetics and thermody-
namics of AWD. On the other hand, the kinetic and thermodynamic
analysis results of the total reaction of pyrolysis of AWD and hydrochar
could be used for kinetic predictions. The details of the materials
preparations, the used experimental and analytic methods are given
below.

2.1. Raw materials

The original AW, mainly consist of cow dung, was digested anaero-
bically in an agricultural biogas plant located in the Silesia region,
Poland to produce the AWD. The AWD sample was taken at the outlet of
the reactor, prior to the mechanical dewatering stage. The AWD was
stored in a fridge, at a temperature of 5 °C, before the HTC experiment.
Furthermore, the carbohydrates in samples were determined by using
SCAN-CM 71:09 methods at MoRe Research Ornskoldsvik AB, Sweden.

2.2. Hydrothermal carbonization treatment

Fig. 2 shows a diagram of the experimental setup. The autoclave
vessel (Fig. 2 — 1), equipped with an external heating mantle that con-
sisted of band heaters (Figs. 2 — 4), was filled with 3.8 L of wet AWD,
which had a solids content of 10.1%.

The temperature of the heating mantle was controlled by a pro-
grammable logic controller (PLC) (Figs. 2 — 3). Additionally, the tem-
perature was measured inside the reactor by using a K-type
thermocouple inserted close to the center of the reactor (Fig. 2 — 2). A
setpoint temperature of 190 °C was chosen, as the lower temperature of
the typical HTC temperature range (180 °C and 260 °C) which have been
recommended by various literature sources for digestates of agricultural
origins [29,42] as well as other similar types of biomasses. The residence
time in the reactor was 30 min. Reaching the setpoint temperature, the
inside of the reactor triggered the time measurement. After 30 min of the
process, the mantle was turned off and the setup was left for cooling. A
colander (Figs. 2 - 6) and a clean cotton cloth (Figs. 2 — 5) were used for
the subsequent separation of the effluent (Figs. 2 — 7) and hydrochar
(Figs. 2 — 8). The cooled material was drained for approximately 20 min
to let all the effluent be drained.

A Radwag MAX2A analyzer, with a scale resolution of 0.001 g and a
maximum sample mass of 50 g, was used to determine the moisture
content of the digestate and the dry solids content was obtained by the
difference between the total value and the moisture content. All mois-
ture content tests were performed at 105 °C. During an experiment, the
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Fig. 1. The process of the raw materials and methods used in this study.

>

Fig. 2. Experimental setup, used for hydrothermal carbonization of the diges-
tate (1 — autoclave; 2 — type K thermocouple; 3 — PLC controller; 4 — heating
mantle, with band heaters; 5 — cotton cloth; 6 — colander; 7 — HTC effluent; 8 —
hydrochar, after separation; 9 — pressure relief valve; 10 — nitrogen for purging).

sample’s mass was considered to be in equilibrium when the first de-
rivative of the mass (dm/dt) was equal to or smaller than 1 mg/min.

The dry AWD and hydrochar were characterized by the analytical
company Eurofins AB to determine both ultimate and proximate com-
ponents. The methods and corresponding uncertainties related to the
measurement methods can be found in Table S1.

2.3. Sample preparation for pyrolysis

In order to minimize the random error of the sample composition and
to achieve reliable results, a sample preparation is required before car-
rying out the TG experiments. The AWD and hydrochar were firstly
dried in the drying oven at 110 °C for 24 h. Then, the dry samples were

grinded and sieved to particles with a diameter less than 1 mm. There-
after, the grinded samples were dried in the drying oven at 100 °C for
another 24 h to remove the water that was absorbed during the grinding
operation.

2.4. TG experiment

The TG experiments were performed using a Netzsch 449 F1 Jupiter
simultaneous thermal analyzer (STA). The sample was introduced into
an Al;O3 crucible placed in the heating chamber in a dry argon atmo-
sphere. The flow rate of argon was chosen as 50 ml/min and the system
was maintained under an atmospheric pressure during the whole TG
experiment. During the TG experiments, the sample was ramped from
room temperature to 120 °C and held at this temperature for 5 min to
remove the moisture from the sample. Thereafter, the sample was
heated to 900 °C using a constant heating rate of 10, 15, 20 °C/min. In
order to minimize the system error, the TG instrument was calibrated by
using a blank sample (empty crucible) and using the same experimental
conditions.

The TG was coupled with a differential thermal analysis (DTA) sys-
tem. In addition, the corresponding DTA results were also recorded.

2.5. Kinetic study

The AWD and hydrochar are complex mixtures consisting of or-
ganics, which include lignocellulose, lipids, proteins, and their deri-
vates. The kinetic modeling was used for the investigation of the kinetic
triplets of the samples. The thermal decompositions of the samples are
first assumed to take place as one integrated reaction, shown in Eq. (1):

Feedstock = Volatiles + Char

The kinetics of AWD and hydrochar thermal conversion were
calculated based on Arrhenius law shown as Eq. (2):

K(T) = Aexp( - IfT)

where the A is the pre-exponential factor (min’l), R is the universal
gas constant equaling to 0.008314 kJ/mol, E, is the activation energy
(kJ/mol), and k(T) is the function of the reaction rate constant which
depends on the temperature (T).
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where mg, m¢, and mr are the initial mass, final mass, and mass at a
specific temperature T of reactant, respectively.

The reaction rate can be determined as described in the following
equation:

da
= KT} ()
where t represents the reaction time, do/dt represents the reaction rate,
and f(a) is the function of the reaction model which is dependent on .

When the feedstock is heated using a constant heating rate p (K/
min), the following Eq. (5), reaction model in an integral form g(a), can
be derived by combining Eq. (2) and Eq. (4).

“da A [T E,
gla) = | m:ﬁ ; exp<7ﬁ>dT

2.5.1. Fraser-Suzuki deconvolution

In order to further investigate the effect of an HTC process on the
kinetics and thermodynamics of pyrolysis of AWD, the Fraser-Suzuki
deconvolution method is used to separate the pseudo-single-reactions
from the total differential thermogravimetric (DTG) curves. The
expression of the Fraser-Suzuki function is shown in Eq. (6):

In (1 + 2a_f;ljw>
=0

[N

d
d—f: hexps —In

where h is the height of a peak, as is its asymmetry, Ty, is the temperature
where the pseudo curve reaches its peak, and wy, is the half-width of the
pseudo curve [43]. The Fraser-Suzuki parameters of each pseudo curve
were obtained by minimizing the residues between the total curve and
the raw curve. In addition, the Fityk software (version 1.3.1) was used to
conduct the optimization: by using the LogNormalA function, the soft-
ware could yield the best fitting results based on the Fraser-Suzuki
deconvolution method with the lowest errors.

2.5.2. Model-free methods

Model-free methods can be used to conduct the kinetic analysis
without making any assumptions of the reaction mechanisms [44]. In
this study, the three most-used model-free methods namely Friedman,
KAS, and OFW methods were applied to analyze the kinetic parameters
of the total and pseudo reactions of the pyrolysis of AWD and hydrochar.
The expressions of the three model-free methods can be shown as fol-
lows [45]:

Friedman method

da E,
KAS method
l ﬂ —1 AEu Ea
<F) - ”{Rgm} kT

OFW method

logB = ln{ AL, } — 2315 04575
Rg(a) RT
The corresponding kinetic parameters such as the activation energy
E, and the pre-exponential factor A were estimated following the rec-
ommendations of the International Confederation for Thermal Analysis
and Calorimetry (ICTAC) [46] by using the NETZSCH Kinetics Neo
software (ver. 2.5.0.1).
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2.6. Activation parameters (thermodynamic analysis)

Transition status theory assumes a special type of chemical equilib-
rium (quasi-equilibrium) between reactants and activated transition
state complexes. This theory makes it possible to investigate the ther-
modynamic parameters of the reaction from reactants to activated
complexes. In this study, the transition status theory is introduced to
investigate the influence of an HTC pretreatment on the behavior of a
transformation from raw reactants to the activated transition state
complexes. The activation parameters change in enthalpy (AH"), change
in Gibbs free energy (AGY), change in entropy (AS"), during the con-
version from reactants to the activated complexes, are derived using the
following equations [47,48]:

AH' = E, —RT

. K5T,,
AG' = E, +RT,l
+ n( A )

. _ AH' - AG

m

AS

where T, is the temperature of the peak of conversion rate (K), K3 is
Boltzmann constant (1.381 x 10°2% J/K), and h is Plank constant (6.626
x 10734 Js).

2.7. Kinetic prediction

By employing the kinetic parameters obtained from the kinetic
analysis, isothermal kinetic prediction can be made using the following
equation [49]:

T —E
/0 exp (ﬁ) dar
—E
v 1)

where t, and Ty are the time and temperature when the reaction reaches
the conversion degree of o, respectively.

ty =

3. Result and discussion

3.1. Feedstock ultimate and proximate analysis and Van Krevelen
diagram

The results of sample characterization are shown in Table 1. AWD
and hydrochar are the samples tested in this study. Characterizations of
other samples from references are also listed as follows: cow manure
digestate (CMD) and its hydrochar (CMDH), digestate containing 42 wt
% cow manure, 20 wt% maize silage, 28 wt% grass silage, 9 wt% whole
plant silage, and 1 wt% cereals (ECD) and its hydrochar (ECDH),
municipal sewage sludge (MSS) and its hydrochar (MSSH) [42,50].
According to Table 1, the results of the proximate analysis of 4 groups of
different digestates and their hydrochars from this study and other
previous studies showed some similar trends: compared to the raw
digestate, the hydrochar have higher fixed carbon and lower volatile
matter contents. On the other hand, the trends of the ash content are
different for different groups. These can be led by different types of ash
in the digestates. The ash contents of AWD and its hydrochar are given in
Table S2.

A Van Krevelen diagram can visualize the element ratios of O/C and
H/C of samples [51]. Thus, it can be used to study the evolution of
feedstocks and solid derivatives [52]. Based on the ultimate analysis
results shown in Table 1, a Van Krevelen diagram was plotted as shown
in Fig. 3. It can be concluded that the HTC treatment of digestate can
lead to lower H/C and O/C ratios. Therefore, all four produced hydro-
chars had better potentials to be used as fuels compared to the raw
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Table 1
Results of ultimate and proximate analyses of AWD and hydrochar.
AWD Hydrochar CMD? CMDH? ECD? ECDH? MSSP MSSH
Proximate analysis
Fixed carbon (% dw) 19.2 22.5 20.2 25.4 21.6 27.1 - -
Volatile matter (% dw) 66.6 65.3 79.8 74.6 78.4 72.9 - -
Calorific value of dry basis (MJ/kg) 20.89 22.49 17.0 17.6 16.4 15.7 17.55 16.74
Ash content (% dw) 14.2 12.2 15.7 17.2 28.7 28.9 33.14 46.65
Ultimate analysis (% dw)
C 50.0 52.8 42.6 45.2 40.3 40.5 36.33 35.92
H 5.5 5.4 5.0 4.5 4.6 4.0 5.90 5.12
N 4.99 4.31 2.0 2.5 2.1 2.1 4.23 1.86
o* 23.88 24.66 34.3 30.2 24.0 24.1 12.81 7.96
S 0.70 0.39 0.4 0.4 0.3 0.4 - -
Cl 0.73 0.24 - - - - - -
Atomic H/C ratio 1.3106 1.2185 1.3984 1.1862 1.3600 1.1768 1.9349 1.6983
Atomic O/C ratio 0.3585 0.3506 0.6044 0.5015 0.4470 0.4467 0.2647 0.1663
dw: dewatering; *: Calculated by difference; : data from reference [42]; *: data from reference [50].
2.0 ® AWD m Hydrochar
: o ® CMD m CMDH
8 ® ECD ®m ECDH
L. ® MSS m MSSH
| |
1.6
1.4
=]
=
=< 1.2
(=
Q10
= Lignite
E 0.8
2 06 g
< - Coal
0.4
0.2
0.0

0.0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1.0

Atomic O/C Ratio

Fig. 3. Van Krevelen diagram of the AWD, hydrochar, and other raw and HTC-treated digestates from previous works [42,50]. (The blue arrow shows the trend from

feedstock to its hydrochar).

digestates. The mechanism of HTC is complex and contains many
chemical reactions that still need to be further investigated [53]. How-
ever, the lower ratios of H/C and O/C of hydrochars are probably due to
the dehydration and decarboxylation reactions [20].

The contents of different carbohydrates of AWD and its hydrochar
were also tested. The results are given in Table 2 and the method used is
given in Table S1. By combing the results of the total contents of car-
bohydrates and the ash contents of AWD and its hydrochar, it can be
deduced that the carbohydrates contents in the organic fractions of AWD
and its hydrochar are 204.55 and 205.13 g/kg, respectively. Although
the carbohydrates contained in the organic fraction of AWD were nearly
the same after HTC treatment, the contents of different carbohydrates
varies significantly as shown in Table 2. It can be seen that after the HTC
treatment of AWD, the contents of arabinose, galactose, xylose, and
mannose decreased from 16.3, 5.7, 54.6, and 3.0 g/kg to 2.6, 1.7, 21.9,
and 1.9 g/kg, respectively. On the other hand, the glucose content of
AWD increased from 95.9 to 152.0 g/kg by HTC treatment. The xylose is
mainly contributed from hemicellulose [54]. Thus, more than half of
hemicellulose in AWD decomposed during the HTC process while the

Table 2
Results of the analysis of the contents of different carbohydrates of AWD and its
hydrochar.

AWD (g/kg dw) Hydrochar (g/kg dw)

Arabinose 16.3 2.6
Galactose 5.7 1.7
Glucose 95.9 152.0
Xylose 54.6 21.9
Mannose 3.0 1.9
Total carbohydrates 175.5 180.1
Cellulose* 53.8 83.9
Hemicellulose* 46.2 16.1

dw: dewatering; *: Calculate as % of carbohydrates in sample by using formulas
Eq. (S1) and Eq. (S2) for hardwood.

The changes of the proximate and ultimate properties of AWD and hydrochar
would lead to a different pyrolysis performance, which is required to be
investigated.
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cellulose in AWD remained its structure.

To have a better understanding of the changing of the contents of
cellulose and hemicellulose of AWD by the HTC treatment, formulas to
calculate the contents of cellulose and hemicellulose in hardwood were
applied in this study and the results are also given in Table 2. There are
different formulas to estimate the contents of cellulose and hemicellu-
lose based on the contents of different carbohydrates. However, there is
no appropriate formula for the relative calculation of digestates and
their hydrochars. Because the relative content of cellulose and hemi-
cellulose is changing during the anaerobic digestion process. Thus, it
should be noticed that the calculated cellulose and hemicellulose con-
tents might not be very accurate. It can be seen that the hemicellulose
content of AWD was decreased from 46.2 to 16.1 % (total carbohy-
drates) after the HTC treatment. As a result, the cellulose content
increased from 53.8 to 83.9 % (total carbohydrates). This is because,
during the HTC treatment below 200 C, the hemicellulose tended to
decompose while the cellulose remained in the matrix of hydrochar
[55].

3.2. TG and DTG results

Fig. 4 gives the TG and DTG results of AWD and its hydrochar
measured under different heating rates. The corresponding DTA results

Chemical Engineering Journal 431 (2022) 133881

are given in Fig. S1. As shown in Table 3, approximately 35 and 21 mg of
AWD and hydrochar were used in each experiment, respectively. It can
be seen from the DTG curves that before the main mass loss happened, a
small peak appeared in all cases. This is contributed by the evaporation
of moisture and some light volatile matters [56]. When the temperature
is higher than 600 °C, nearly no mass loss occurs. Therefore, tempera-
ture ranges of the main organic thermal decomposition were defined for
each DTG result for the convenience and accuracy of further kinetic
studies. The initial and final temperatures (T; and Tf) were determined
based on the lowest DTG points between the main mass loss peaks. The
determined Tj, Tr, and peak temperatures (Tp) in this study are given in
Table 3. The values of the T;, Tf, and T}, of the pyrolysis of AWD and its
hydrochar increase when the heating rate increases from 10 to 20 °C/
min. This is mainly due to the limitations of the heat and mass transfer
[57]. On the other hand, T, of hydrochar is higher than that of AWD for
each group of the same heating rate. The detail of this phenomenon will
be discussed in section 3.3 Kinetic analysis of the pseudoreaction.

3.3. Kinetic analysis of the total reactions

3.3.1. Kinetic plotting results of the total reactions
Fig. 5 gives the linear regression plotting results in the conversion
rate ranges of 0.01 to 0.99 of the kinetic analysis of the total thermal

100 — 12
90 ——TG: 10°C/min |
1 ——TG: 15 °C/min L 10
80 ——TG: 20 °C/min
< 1 = = -DTG: 10 °C/min [
X _
% 70 - = DTG: 15°C/min |8 £
& 60 - = -DTG: 20 °C/min <
2 ] 3
5 =
S 50 6 =
5 £
Q. 40 b=
2 47
S 304 v
= ] L
20
] -2
10 L
T -/ _—
0fL== . . . \;*/‘I/...\ss.-l INSUNAVSSEYSY I
200 300 400 500 600 700 800 900
Temperature (°C)
100 T " T . T T - T T y 12
1 (b ——TG: 10°C/min |
90
1 —TG: 15 °C/min L 10
80 — TG: 20 °C/min
& 1 = = -DTG: 10 °C/min [
X _
< 70 - = -DTG: 15°C/min | § =
& 60 " - — -DTG: 20 °C/min Z
8 ] oyt 5
=] \ =
g 504 oy F6 =
g ] Iy W\ =)
Q. 40 I " p=
w ] ” 7\ \ \/_ | N
8 30 /A \ 47
= l A NN I
20 1, VoM.
1 Ry S— W 2
10 =7 A > L
.2:\1::/ ‘-\‘\l\){ 7
- -~ -_-a= S o~
0 ; : . : - ‘Eﬁ_éls.{ﬁmqa_a,_gg_ 0
200 300 400 500 600 700 800 900

Temperature (°C)
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Table 3
The mass used in each TG experiment and the selected temperature ranges for the kinetic analysis of AWD and hydrochar.
Heating rate AWD Hydrochar
Mass (mg) Ti (°C) T, (°C) T¢ (°C) Mass (mg) Ti (°C) T, (°C) T¢ (°C)
10 °C/min 36.35 173 326 609 20.48 157 346 617
15 °C/min 34.69 183 330 613 19.93 164 350 624
20 °C/min 36.52 212 337 631 23.23 198 360 637
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Fig. 5. Kinetic analysis of the total reactions of the pyrolysis of AWD and its hydrochar using the Friedman, KAS, and OFW methods.

decomposing reactions of AWD and its hydrochar by using different
model-free methods. The temperature ranges of each reaction were
determined and given in Table 3. The plotting results deduced by the
KAS and OFW methods were similar compared to that of the Friedman
method. This is because that the KAS and OFW methods were integral
isoconversional methods [58] and the Friedman method is a differential
isoconversional method [59]. The KAS and OFW results of AWD and its
hydrochar contained dense parallel straight lines when the conversion
rates are between 20% and 90%. This represents that the main reaction
happened in this region. On the other hand, the plotting lines outside
this range of conversion rate have obviously changing slopes and higher
errors. These are caused by simultaneous reactions that take place as
well as the presence of unstable radicals [60].

3.3.2. Activation energies of the total reactions

Based on the plotting results shown in Fig. 5, the corresponding
activation energies and pre-exponential factors were estimated as shown
in Fig. 6 and Fig. S2, respectively. The activation energy represents the
difficulty of a reaction to take place [61]. When the conversion rate is
between 20% and 90%, the yielded activation energies range from
182.91 to 274.43 kJ/mol (Friedman), 169.99-267.86 kJ/mol (KAS),

and 170.16-268.05 kJ/mol (OFW) for the pyrolysis of AWD, and
144.59-205.20 kJ/mol (Friedman), 150.57-199.61 kJ/mol (KAS), and
150.83-199.87 kJ/mol (OFW) for that of hydrochar. Obviously, due to
the same mechanisms of the applied methods, the activation energy of
the pyrolysis of AWD or its hydrochar deduced by using the KAS and
OFW methods were very similar.

The averagepyrolytic activation energies of AWD and OFW by the
three methods are 242.13 kJ/mol and 167.97 kJ/mol, respectively. This
result indicates that the pyrolysis of hydrochar requires a lower acti-
vation energy compared to that of AWD. The lower activation energy
means that less energy is needed for the reaction to take place [62].
Thus, the HTC treatment can decrease the energy required for the py-
rolysis of digestate, which favors the application of digestate in pyrolysis
processes. The mechanisms of this phenomenon are discussed in section
3.4.3 Activation energies of the pseudoreactions.

3.4. Kinetic analysis of the pseudoreactions

3.4.1. Fraser-Suzuki deconvolution results
The thermal decomposition reactions of AWD and its hydrochar are
both complex reactions that include many different chemical reactions.
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It is hard to investigate all the single reactions and their synergistic ef-
fects. However, introducing the mathematical deconvolution method to
decompose the integrated reaction into several pseudo reactions can
help to better understand the reaction mechanisms. The Fraser-Suzuki
deconvolution is one of the most used mathematical deconvolution
methods for TG research [63-65].

In this study, the total reactions of the pyrolysis of AWD and its
hydrochar were divided into two pseudoreactions by using the Fraser-
Suzuki deconvolution method. The reactions can be expressed as Eq.
(14): during the pyrolysis of the AWD or its hydrochar, the raw material
was decomposed into volatile 1 (V1), volatile 2 (V2), and the remaining
solid (char). It was assumed that the V1 and V2 were generated by
pseudoreaction 1 and 2, respectively.

AWD/Hydrochar = V1 + V2 + Char

The deconvolution and the corresponding fitting results are shown in
Fig. 7. It can be seen that all the deconvolution results showed an
acceptable fitting level. The related deconvolution parameters are given
in Table 4. The values of T,, of the pseudo 2 of AWD or its hydrochar
increase with higher heating rates. These results are consistent with the
DTG results.

The AWD used in this study was the digestate that was mainly pro-
duced from cow dung, which isa type of lignocellulose-riched materials:
the main component of cow dung is lignin, cellulose, and hemicellulose
[66]. During the anaerobic digestion process, the hemicellulose has a
higher degradation rate than that of the cellulose and lignin, which then
causes the cellulose and lignin to accumulate in the AWD [67]. Thus, the
pyrolysis of AWD should be mainly contributed by the pyrolysis of its

remaining cellulose and lignin. A previous work conducted by Stefanidis
et al. compared the pyrolysis behaviors of cellulose, hemicellulose, and
lignin under a heating rate of 10 °C/min: the results showed that the
mainly decomposing temperature range of cellulose was between 280
and 360 °C with the highest decomposing rate at a temperature of 339 °C
[68]. Moreover, they also found that the pyrolysis reaction of lignin
happened in a wider temperature range of 140 to 600 °C, with a much
lower reaction rate than that of cellulose [68].

In all the investigated cases, the reactions of the pseudo 2 contrib-
uted the main mass loss for the peak of the total reactions. On the other
hand, the reactions of pseudo 1 happened in wider temperature ranges.
These results have flatter peaks compared to the other results. Further-
more, the temperature ranges of pseudo 1 and pseudo 2 of AWD were all
very close to that of the lignin and cellulose, separately. Thus, the
deduced reactions of pseudo 1 and pseudo 2 of AWD should be mainly
contributed by the thermal decompositions of lignin and cellulose,
respectively.

It is observed from Table 4 that the HTC treatment increases the Ty,
values of the pseudo reactions of 1 & 2 for 22-24 °C and 20-21 °C,
respectively. These findings are due to a smaller content of the organics
with lower thermal stability in the hydrochar compared to that of AWD.
Specifically, the higher T, values of the pseudo 2 reactions of the
hydrochar than that of AWD were caused by the remaining crystalline
structure of cellulose and the crystalline arrangements by the free hy-
droxyl groups in cellulose and during the HTC process [69]. The
following works will be focused on the pseudo 2 reactions because of
their more significant reactions.
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Fig. 7. Curves of conversion rates: experimental, pseudos, and the fitting, as well as the fitting residuals of the pyrolysis of AWD and its hydrochar under different

heating rates.

Table 4
Parameters of the curves of the pseudo conversion rate deduced by using the Frazer-Suzuki deconvolution method.
Pseudo 1 Pseudo 2
Heating rate (°C/min) 10 15 20 10 15 20
AWD h (%/min) 4.24 6.22 9.11 5.36 8.92 8.43
ag 0.18 0.18 0.25 —0.29 —0.29 —0.42
T (°C) 346 350 348 322 328 334
wpe (°C) 189.79 190.09 180.98 46.82 47.27 47.09
Hydrochar h (%/min) 3.63 5.20 7.83 4.95 9.40 9.31
as 0.01 —0.03 0.10 —0.25 —0.10 -0.13
T (°C) 368 377 372 343 349 354
Wiy (°C) 211.31 220.89 211.06 50.72 52.01 49.94

3.4.2. Kinetic plotting results of the pseudoreactions caused by two reasons:

The deduced pseudo 2 reactions were selected for further kinetic and
thermodynamic studies. The kinetic plotting results by using the
Friedman, KAS, and OFW methods are given in Fig. 8. In the conversion
rate range of 20% to 90%, the plotting of the pseudo 2 showed smoother
results compared to that of the corresponding total reactions shown in

Fig. 5. This is especially true when using the Friedman method. This is

1. The total reactions are more complex than their pseudoreactions as
they represent the sum of their pseudoreactions.

2. By applying the mathematic deconvolution, some fluctuations will
be neglected (which can be observed as the “residuals” as given in
Fig. 7). Therefore, the curves of the deduced pseudoreactions are
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smooth and can be seen as “perfect”. Although this process will
introduce errors, acceptable results with good fitting levels can be
used to some extent.

The plotting results also indicate a successful deconvolution of the
total reactions. Further kinetic and thermodynamic analysis based on
these plotting results can provide a better understanding of the effect of
the HTC treatment on the pyrolysis of AWD.

3.4.3. Activation energies of the pseudoreactions

The deduced activation energies and pre-exponential factors from
the pseudo 2 by using the Friedman, KAS, and OFW methods are given in
Fig. 9 and Fig. S3, respectively. The estimated mean values of the
activation energies by using the three methods between the conversion
rate of 20% to 90% are given in Table 5: The mean activation energy of
the pseudo 2 reaction of AWD is decreased from 203.75 to 175.64 kJ/
mol after the HTC treatment. Moreover, The process parameters and the
kinetic results yielded by a series of related previous works are also
listed in Table 5.

It can be seen that similar phenomena were also observed by Ols-
zewski et al. [36], Ma et al. [70], Zhang et al. [71], and Li et al. [72]:
they found that the HTC treatment of brewer’s spent grains, sewage
sludge, and waste lettuce would decrease the needed activation energies
for the pyrolysis processes. Interestingly, opposite results were reported
by the pyrolysis kinetic studies of sawdust [37 70 73], rice straw [71],
and Karanj fruit hulls [74].

It was reported by Zhuang et al. that the typical hydrolyzing tem-
peratures of hemicellulose, cellulose, and lignin have values in the range
of 180 °C, 220-240 °C, and 210-300 °C, respectively [75]. Moreover,
they also calculated the pyrolytic activation energies of pseudo hemi-
cellulose, cellulose, and lignin of the herbal tea waste and its hydrochars

10

produced at 120-300 °C: it was found that the HTC treatment could
decrease the activation energies required for the pyrolysis of hemicel-
lulose and cellulose while increasing that of lignin [75]. It has been
known that compared to hemicellulose and cellulose, the highly
branched aromatic structures of lignin impedes most of the biomass-to-
bioenergy conversion processes [76]. Thus, the hydrolyzing reaction of
lignin requires the highest temperature [77]. Therefore, the HTC treat-
ment of lignocellulose-riched materials might not be positive for the
following pyrolysis process, as it could increase the activation energy.

However, unlike the other lignocellulosic materials investigated
previously as listed in Table 5, the pyrolytic activation energy of AWD
was decreased after the HTC treatment. During the anaerobic digestion
process, the lignin will first be depolymerized and solubilized to
monomers and monoaromatic compounds [78]. Thereafter, these
products will be cracked to smaller chemicals during further digestion
[78]. As a result, the anaerobic digestion of lignocellulose materials
should be beneficial for the pyrolysis of the corresponding hydrochar in
the kinetic aspect, which stresses the importance of the research of py-
rolysis of HTC-treated digestate.

3.4.4. Thermodynamic results of the pseudoreactions

To further investigate the influence of an HTC treatment on the py-
rolysis of AWD, a thermodynamic analysis of the deduced pseudo 2 re-
actions was conducted. The mean values of the activation energies at
different conversion rates calculated by using the Friedman, KAS, and
OFW methods were adopted for the thermodynamic analysis. As shown
by Eq (10-12), the temperatures of each conversion rate and the peak
temperature are needed for the thermodynamic calculations. However,
these parameters are not consistent when different heating rates were
applied (as shown in Table3). It is recommended that corresponding
parameters yielded from the lowest heating rate should be used for the
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Fig. 9. Activation energy of the pseudo 2 of the pyrolysis of AWD and hydrochar deducing by using the Friedman, KAS, and OFW methods.

Table 5

The estimated activation energies of the pyrolysis of the raw and the HTC-treated feedstocks from current work and previous works.

Raw materials HTC Pyrolysis Kinetic analysis
Temperature (°C)  Time (h)  Temperature range (°C)  Heating rate (°C/min)  Methods Activation energy (kJ/mol)
Current work AWD (pseudo 2) - - 220-362 10 3 methods
AWD (pseudo 2) - - 225-366 15 3 methods  203.75
AWD (pseudo 2) - - 229-370 20 3 methods
AWD (pseudo 2) 190 0.5 250-386 10 3 methods
AWD (pseudo 2) 190 0.5 258-403 15 3 methods  175.64
AWD (pseudo 2) 190 0.5 264-408 20 3 methods
Olszewski et al. [36] Brewer’s spent grains - - 105-800 5, 10, 20, 40 KAS 285
Brewer’s spent grains 180 4 105-800 5, 10, 20, 40 KAS 147
Brewer’s spent grains 220 2 105-800 5, 10, 20, 40 KAS 170
Brewer’s spent grains 220 4 105-800 5,10, 20, 40 KAS 188
Liet al. [37] Pinewood sawdust - - 290-420 30 Fn 58.64
Pinewood sawdust 220 1 270-390 30 Fn 59.44
Pinewood sawdust 240 1 340-420 30 Fn 63.33
Pinewood sawdust 260 1 360-500 30 Fn 65.48
Ma et al. [70] Sawdust - - 232.7-519.5 10, 20, 30, 40 OFW, KAS  173.32
Sawdust 220 1 264.1-808.8 10, 20, 30, 40 OFW, KAS  184.63
Sewage sludge - - 148.2-808.8 10, 20, 30, 40 OFW, KAS 311.87
Sewage sludge 220 1 185.8-847.0 10, 20, 30, 40 OFW, KAS  221.07
Zhang et al. [71] Rice straw - - 219.1-431.3 10, 20, 30, 40 KAS 222.73
Rice straw 200 2 251.5-505.2 10, 20, 30, 40 KAS 233.27
Sewage sludge - - 157.3-614.2 10, 20, 30, 40 KAS 477.10
Sewage sludge 200 2 165.3-638.5 10, 20, 30, 40 KAS 394.02
Kabakai et al. [73] Sawdust - - ~180 - ~580 10, 20, 30, 40 Friedman 151.94
Sawdust 220 1.5 ~170 - ~570 10, 20, 30, 40 Friedman 157.17
Islam et al. [74] Karanj fruit hulls - - 30-850 5, 10, 20 OFW, KAS 64.80
Karanj fruit hulls 200 5 30-850 5, 10, 20 OFW, KAS  133.18
Lietal [72] Waste lettuce - - 173-588 20 Fn 68.3
Waste lettuce 240 2 140-700 20 Fn 38.5

11
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thermodynamic calculations as they were more accurate than that of
higher heating rates [79]. Therefore, the related parameters obtained
from the results of 10 °C/min were applied for the thermodynamic es-
timations. The deduced AH, AS*, and AG* values of the pyrolysis of the
pseudo 2 of AWD and its hydrochar during conversion rates between 0.2
and 0.8 are shown in Fig. 10.

The AH! represents the total heat transferring during the reactions
[80]. The HTC treatment decreased the mean AHY values of the pseudo 2
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of the pyrolysis of AWD from 197.97 kJ/mol to 169.68 kJ/mol. This
agreed with the decrease of the activation energies as shown in Fig. 9
and Table 4. Furthermore, the results illustrated that the HTC treatment
could reduce the heat needed for the reactants of the pseudo 2 reactions
of the AWD pyrolysis to reach their activating status. Thus, the HTC
treatment can favor the pyrolysis of AWD with respect to AH.

On the contrary, when considering the aspect of ASY, the pseudo 2
reaction of the pyrolysis of hydrochar was harder to reach its activating
status than AWD. The AS' value can be used to evaluate how close the
thermodynamic equilibrium of a process is [81]. A higher value of AS*
corresponds to a higher disorder degree and thus, favors the reactions
[82]. From the AS! results in Fig. 10, it can be seen that the values of AS?
of the pseudo 2 reaction of pyrolysis of AWD are positive while that of
hydrochar are negative. A similar result was also observed by Ma et al.,
who found that the mean values of AS? of the pyrolysis of sewage sludge
decreased from 270.00 J/mol.K to 52.62 J/mol.K [70].

AG! represents the increment of the total system energy to form the
activated complex [83]. From the definition of AGH by Eq. (11), it can be
seen as a parameter that integrates the aspects of AH* and AS to eval-
uate the natural direction of a reaction. As shown in Fig. 10, the pseudo 2
reaction of the pyrolysis of hydrochar had higher AG* values to form the
activated complex compared to that of AWD during the conversion rates
investigated. These can be reflected in the higher temperature ranges
(Table 5) and the higher peak temperatures (Table 4) of the reactions.

3.5. Kinetic predictions

The produced kinetic parameters can be used for interpolation and
extrapolation [84]: the most important practical application of the ki-
netic analysis is the kinetic predictions [46] as the produced results can
be used for process optimizations [85]. Furthermore, kinetic predictions
could also help to analyze the complexity of the composition [49]. In
this study, the obtained kinetic parameters of the total pyrolysis re-
actions of AWD and its hydrochar were used to predict their isothermal
performances. The results can be an essential reference for further
studies and applications of the pyrolysis of AWD and its hydrochar,
especially when investigating the HTC treatment’s effect on the whole
process design and simulations. This would also be our next research
topic.

3.5.1. Model selection

Three model-free methods were used in this study. The usage of
sound kinetic models is critical for the reliability of the deduced kinetic
predictions and it is recommended by ICTAC to reconstruct the kinetic
results and compare them with available experimental data [46]. Hence,
the fitting results are needed for the selection and the verification of the
method to enable further kinetic predictions. By using Eq. (5), the
simulated conversion curves can be reconstructed based on the yielded
kinetic results. Fig. 11 gives the fitting results of the conversion curves of
the total pyrolytic reactions of AWD and its hydrochar when using the
three methods. All the cases showed an acceptable result with R2 values
higher than 0.98. However, the fitting results of the pyrolysis of AWD
and its hydrochar by using the Friedman method deduced the highest R?
values that both equated to 0.9999. This was because the Friedman
method could yield kinetic parameters with a better accuracy compared
to when the KAS and OFW methods were used [86]. Therefore, the re-
sults produced by using the Friedman method were applied for the ki-
netic predictions. These highly fitting results also confirmed the
reliability of the kinetic and thermodynamic studies in this study.
Moreover, the corresponding thermodynamic parameters including the
AH!, AS*, and AG! values of the total pyrolysis reactions of AWD and its
hydrochar were also calculated based on Friedman’s results. These data
are also given in Fig. S4 as a reference.

3.5.2. Kinetic isothermal predictions
According to the isothermal prediction results shown in Fig. 12, the
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Fig. 11. Experimental and simulating conversion curves of AWD and its hydrochar deducing by using the Friedman, KAS, and OFW methods.

reactions can be considered to commence when the temperature is
higher than 350 °C [87]. Interestingly, the results for a temperature of
350 °C were also close to all the peak temperatures of the deduced
pseudo 2 reactions as shown in Table 3. Thus, these results indicate the
reliability of the deconvolution, kinetic, and thermodynamic results of
the pseudoreactions to some extent. Based on the isothermal prediction
plotting cases investigated in this study, the temperature of 450 °C was
recommended to be applied as the minimum peak temperature for the
bench-scale research and for further applications. This is due to the that
when the temperature was 450 °C, the conversion rates of the pyrolytic
reactions of AWD and its hydrochar will exceed 90% in only 4.21 and
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5.94 min, respectively. Moreover, when the isothermal time was 30 min,
the conversion rates of the AWD and its hydrochar pyrolysis reached
values of 94.92% and 94.60%, separately. Thus, the reaction levels of
the pyrolysis of AWD and its hydrochar at 450 °C were acceptable when
the isothermal time exceeded 6 min. On the other hand, when the
isothermal temperature was 400 °C, the conversion rates of the two
reactions were still lower than 90% even after 30 min.

The results of the corresponding kinetic dynamic predictions of the
pyrolysis of ADW and its hydrochar are also given in Fig. S5 as a
reference. The dynamic performances of the two pyrolysis reactions
under 6 different heating rates of 1, 2, 4, 8, 16, and 32 °C/min were
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Fig. 12. Predicted curves of isothermal conversion of pyrolysis of (a) AWD and (b) hydrochar at 200, 250, 300, 350, 400, 450, and 500 °C based on the kinetic

parameters estimated by using the Friedman method.
predicted.
4. Conclusion

In this work, the impacts of HTC treatments on the kinetics and
thermodynamics of the pyrolysis of AWD and its hydrochar were eval-
uated. The main discoveries can be summarized as follows:

e An HTC treatment decreased the ratios of O/C and H/C of AWD from
0.36 and 1.31 to 0.35 and 1.22, respectively.

e An HTC treatment can decrease the pyrolytic activation energies of

AWD: from the ranges of 182.91-274.43 kJ/mol to 144.59-205.20

kJ/mol by using the Friedman method.

Specifically, for the pseudo 2 reactions deduced in this study, the

mean activation energy decreased from 203.75 to 175.64 kJ/mol

after the HTC treatment.

The process of anaerobic digestion of lignocellulose materials might

be beneficial for the pyrolysis of hydrochar as it could decrease the

pyrolytic activation energy.

The hydrochar required about 28.29 kJ/mol less of an average AH*

value compared to when using AWD to form the activated complex

for the pseudo 2 pyrolysis reaction. This corresponds to the lower

activation energy of the pyrolysis of hydrochar compared to that of

AWD.

The kinetic prediction results can be used to optimize the process

development. A value of 450 °C was suggested to be the minimum

peak temperature for the further related larger-scale and/or process

simulation investigations.

Based on the kinetic and thermodynamic results, future studies of the
impact of an HTC treatment on the pyrolysis of AWD would be con-
ducted by bench-scale experiments and process simulations.
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