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Abstract

The hydrothermal co-carbonization (co-HTC) process is a promising method for improving the fuel properties of hydrochar.
This process leverages synergistic interactions, facilitated by the Maillard reaction, which is believed to be catalyzed under acidic
conditions. In this study, the co-HTC of sewage sludge (SS) and coconut shells, with ZnCl, as a catalyst, was investigated to evaluate its
effectiveness in enhancing the co-HTC process. Response surface methodology was employed to optimize key parameters, including
the raw material ratio, temperature and reaction time. The optimized parameters were subsequently applied to the co-HTC process.
The raw materials and resulting hydrochars were characterized using proximate and ultimate analyses, higher heating value (HHV)
determination, Fourier transform infrared spectroscopy and thermogravimetric analysis. The results revealed that the fuel ratio of raw
SSincreased significantly, from 0.09 in untreated SS to 0.26 in co-HTC, and further to 0.41 in ZnCl,-aided co-HTC. The carbon content of
the hydrochar increased, accompanied by a notable reduction in the H/C and O/C atomic ratios. The HHV improved substantially from
5.8 MJ/kg for raw SS to 11.1 MJ/kg in co-HTC and 14.0 MJ)/kg in ZnCl,-aided co-HTC. The combustion characteristic index demonstrated
superior combustion performance for the ZnCl,-aided co-HTC process, achieving a value of 33 x 107 min~? °C=. Additionally, the
synergistic effects on HHV were significantly enhanced, with the synergistic coefficient increasing from 0.79% in co-HTC to 27.00% in
ZnCl,-aided co-HTC. Overall, ZnCl, effectively catalyzes the co-HTC process, enabling the production of higher-quality solid fuels.
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1 Introduction

Sewage sludge (SS) is an inevitable waste product gener-
ated by municipal wastewater treatment facilities that are
majorly composed of organic contaminants, microorgan-
isms, heavy metals and abundant nutrients [1]. Currently,
the most common approaches in disposing of sewage
sludge are through landfilling, composting and inciner-
ation which presents limitations in terms of high energy
consumption and environmental concerns [2]. However, the
goal of sustainable development and circular economy is
that wastewater should be considered primarily as a source
of water, then energy, organics, metals and other resources.
A favorable solution that can aid reduce waste volume and
enhance energy recovery is by producing hydrochar from

SS through hydrothermal carbonization (HTC) [3]. HTC
is a thermochemical method that transforms biomass and
organic waste to solid biofuel, liquid and gaseous products
in the presence of water acting as the catalyst - at a subcrit-
ical state, water increases its ionization thus increasing the
ionic reaction or hydrolysis. The common parameters that
concern this process are temperature with a range of 150—
300 °C and reaction time from a few minutes up to 48 h;
the pressure used is typically autogenous [4]. Since water is
important in the HTC process, SS which usually has a high
moisture content that reaches up to 96.2% will be fitting as
a feed for the process [4]. Consequently, Cavali et al. [5]
conductedastudyregardingthehydrothermal carbonization
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of non-dewatered sewage sludge and ultimately promoted a
more sustainable HTC process.

Notwithstanding the potential of HTC, some stud-
ies have indicated that the fuel and combustion char-
acteristics of hydrochar from SS are dissatisfying [6].
This is because hydrochar properties are highly depen-
dent on the type of raw material to be used, e.g., hydro-
char from sewage sludge shows a relatively lower yield
compared to lignocellulosic biomass which generally
has a high yield [7]. Therefore, introducing lignocellu-
losic biomass with SS was explored to determine if it
can improve the fuel quality of the hydrochar which is
then called hydrothermal co-carbonization (co-HTC) [2].
Zhai et al. [3] investigated the hydrothermal co-carbon-
ization between SS and sawdust, corncob, cornstalk and
rape straw which all increased the higher heating value
(HHV). Furthermore, co-HTC has also been investigated
in the adsorption properties of a hydrochar from sewage
sludge and coconut shells (CS) [1]. However, no results
regarding fuel characteristics were presented in that
study. Since coconut shells are a good biomass fuel and
an excellent source of charcoal, they can be a relevant
co-feed with SS to improve its HHV. Additionally, coco-
nut shells are discarded or burnt unprocessed, resulting
in poor sanitation and contamination of the environment.
The concern is that the open burning and inappropriate
disposal of coconut shells contribute to poor sanitation
and air pollution. From this, utilizing coconut shells can
contribute to lessening its environmental concern while
potentially enhancing a hydrothermal process.

The organic composition of SS is composed of a mix-
ture including protein, polysaccharides, inorganic materi-
als and lipids. During the HTC process, proteins and poly-
saccharides are depolymerized and hydrolyzed to produce
amino acids and monosaccharides respectively. These two
products undergo a Maillard reaction to produce heterocy-
clic compounds which will then be polymerized to gener-
ate hydrochar. On the other hand, lignocellulosic biomass,
coconut shells, are composed of cellulose, hemicellulose
and lignin. The hemicellulose composition also undergoes
depolymerization which results in a polysaccharide [8].
With that, in co-HTC, the interaction between protein
and polysaccharide results in the formation of hydrochar
which is influenced by the Maillard reaction. The syner-
gistic effect between these two types of raw material is
dependent on the strength of the Maillard reaction which
is catalyzed in an acidic reaction [9]. Concerning catalysts,

Abd Rahman et al. [10] explored the effects of zinc chloride
loading in hydrothermal carbonization of cotton textile
waste which increased its HHV. Typically, a subsequent
activation is done as a further carbonization step increas-
ing the aromatic content, the porosity and the stability of
the hydrochars. Steam is used in physical activation tests;
for chemical activation KOH, NaOH, ZnCl, or H,PO, are
used [11]. However, the conventional two-step methods for
activation consume a lot of energy and thus, one-pot syn-
thesis was studied and was found effective [12]. To date,
as far as the best knowledge of the researchers, no studies
have been conducted regarding the ZnCl, -assisted hydro-
thermal co-carbonization specifically of sewage sludge
with coconut shells for fuel characteristics.

In this study, the researchers used sewage sludge and
coconut shells (Cocos nucifera) to produce hydrochars via
zinc chloride-assisted co-HTC. The study aims to investi-
gate the feasibility of ZnCl, as a catalyst in the hydrother-
mal co-carbonization process of SS and CS to obtain high
quality solid fuel. Also, varying parameters were exam-
ined which were: sewage sludge to coconut ratio (1:0.3;
0:0.5; 1:0.7), temperature (180 °C; 200 °C; 220 °C) and
residence time (1 h; 1.5 h; 2 h). These parameters and
feedstock were fed in a Teflon-lined hydrothermal auto-
clave reactor to perform the hydrothermal co-carboniza-
tion process. The produced hydrochars were assessed by
hydrochar yield (HY) along with its HHV. These were
then analyzed and optimized through the response sur-
face methodology — Box Behnken design (RSM-BBD)
approach. Afterward, the optimized parameters were used
in producing a hydrochar that were characterized along a
hydrochar following the same parameters but without zinc
chloride. The characterizations for the hydrochar were
the proximate analysis, ultimate analysis, Fourier trans-
form infrared spectroscopy (FTIR) and thermogravimet-
ric analysis (TGA). Finally, the synergistic effect of the
sewage sludge and coconut shells under the presence of
zinc chloride were assessed based on the acquired results.

2 Materials and methods

2.1 Collection of raw materials

The SS used in the experiments, with 91.14% moisture,
was obtained from a wastewater treatment facility in the
Philippines and was stored at cool temperature. The CS
used was obtained from a wet market across in Quiapo,
Manila. Moreover, zinc chloride with 98% purity was pur-
chased in DKL Laboratory supplies while concentrated



hydrochloric acid was purchased in the Chemistry
Laboratory of Adamson University. All of the chemicals
used were analytical reagent grade.

2.2 Raw material preparation

The gathered coconut shells were washed with distilled
water, crushed into smaller chunks, and then dried at
105 °C in a convection oven until weight was slightly con-
stant. Subsequently, the coconut shells were pulverized
using laboratory mill and were sieved through 60-mesh
(0.25 mm) using ro-tap sieve shaker. On the other hand,
gathered sewage sludge was not dried and pulverize to
promote sustainability [5].

2.3 ZnCl,-aided hydrothermal co-carbonization

The hydrothermal carbonization experiments were con-
ducted in a Teflon-lined hydrothermal autoclave reac-
tor (Techinstro, Maharashtra, India). Firstly, 80 g of the
SS is diluted with distilled water by 8:1 (m/v) sewage
sludge to water ratio to provide effortless stirring and then
mixed with ZnCl, at a solute to water ratio of 1:40 (m/v).
The required amount of ZnCl, was referred to the find-
ings of Rosly et al. [13] that explored the effects of ZnCl,
loading in hydrothermal carbonization. The water pertain-
ing to the amount of ZnCl, was the water in the sewage
sludge plus the additional water for dilution. Following,
the mixture was then fed in the 250 mL Teflon-liner along
with the 30%-70% (m/m) pre-treated coconut shells to
the dry basis of sewage sludge. The reactor was placed in
a furnace which was heated to varying temperatures of
180 °C-220 °C. The timer started when the desired tem-
perature was reached and the residence time was 1-2 h.
All varying parameters were with the basis from previous
literatures [14, 15] respectively.

At the end of the reaction, the reactor was cooled to
room temperature and then, the hydrochar produced was
soaked to HCI (10 m%) for 15 min to remove residual salt
and consequently was vacuum filtered. The filtered hydro-
char was further washed with distilled water. The washed
hydrochar was dried through a convection oven until
slightly constant weight at 105 °C. Finally, after cooling
to room temperature, hydrochar was sealed in an airtight
container until characterization and analysis. The hydro-
chars were labeled as HC-Ratio-Temp-Time-Catalyst, e.g.,
(HC-1:0.5-200 °C-1.5-W), where 1:0.5 represents dried
basis sewage sludge to coconut shells ratio and was pro-
duced at 200 °C and 1.5 h with the presence of catalyst.
The absence of ZnCl, will be presented with WO.
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2.4 Design of experiment

The three factors investigated in this study—sewage
sludge to coconut shell ratio, temperature and residence
time—were selected because they are the primary vari-
ables known to influence hydrothermal carbonization per-
formance, particularly HY and HHV. These parameters
strongly affect biomass decomposition, hydrolysis, dehy-
dration and carbonization pathways, as established in pre-
vious HTC studies. Other operational variables such as cat-
alyst loading, water-to-biomass ratio, particle size, heating
rate and initial moisture content can also influence HTC
outcomes; however, these were held constant to isolate
the effects of the three main factors and maintain experi-
mental control. Only ratio, temperature and residence time
were varied according to the Box—Behnken design, while
all other parameters were fixed during the experiments.
The ratio of coconut shells was assessed in the range of
0.3—0.7 in reference to the dried amount of sewage sludge.
The temperature varies from 180-220 °C while time cov-
ers 1-2 h. Three inputs from these parameters were rep-
resented by numerical values where —1 was assigned for
lower, 0 for average and +1 for higher (Table 1).

Response surface methodology was applied using
a Box—Behnken design in Design-Expert v7 [16] and
Minitab [17] to evaluate the effects of the selected fac-
tors on HY and HHV. In this context, RSM represents the
overarching statistical approach used to model and opti-
mize the process, while BBD serves as the specific experi-
mental design framework that determines the number and
distribution of experimental runs.

The BBD distributes experimental points evenly across
the experimental domain by positioning runs at the mid-
points of factor combinations while holding the third fac-
tor at its center level. This configuration avoids corner
points and creates a balanced, symmetrical layout that
effectively captures system curvature with fewer experi-
ments. Because BBD does not require all possible factorial
combinations, it substantially reduces the total number
of experiments; for example, a full three-factor factorial
design would require 27 runs, whereas the BBD used here
required only 17.

Table 1 Input parameters and their code levels

Coded factor levels

Factors Unit

-1 0 +1
Ratio - 0.3 0.5 0.7
Temperature °C 180 200 220
Time h 1 1.5 2
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Similar applications of RSM—BBD for optimizing hydro-
thermal conversion and biomass processing have been
reported by Amenyeku et al. [18], Raheem et al. [19], Shakiba
et al. [20] and Sulaiman et al. [15], further supporting the
suitability of this design approach for the present study.

In this study, the design consisted of 17 experimental
runs, including five center-point replicates to assess model
reliability and experimental consistency. The completed
dataset was analyzed using regression techniques to iden-
tify significant effects and develop the final predictive
models for HY and HHV.

The significance of model terms (main effects, two-fac-
tor interactions and quadratic terms) was assessed by
analysis of variance (ANOVA) using F-tests; p-values
from ANOVA were used to identify statistically signifi-
cant terms (a = 0.05). Non-significant terms were removed
during model reduction to produce the final reduced model.
Model adequacy was then verified using R?, adjusted R?,
predicted R? and diagnostic checks (residual analysis and
lack-of-fit test) prior to interpretation and optimization.

2.5 Hydrochar characterization

Hydrochars produced from the runs in the design experi-
ment were characterized by HY and HHV only for optimi-
zation. Further characterization was applied to hydrochars
derived from the optimized parameters. These hydrochars
include the co-HTC with ZnCl,, co-HTC without the
ZnCl,, the HTC of SS and the HTC of CS.

2.5.1 Hydrochar yield and higher heating value

The HY determines how much hydrochar is produced
from the hydrothermal carbonization. It is determined by
the mass of hydrochar obtained divided by the mass of the
feedstock used. The HY was calculated using the Eq. (1):

Mass of hydrochar

HY% = Q)]

Initial mass of feedstock

Subsequently, the HHV of the hydrochars were
obtained by a microprocessor bomb calorimeter. This
test would determine the amount of energy that can be
obtained within the hydrochar and its potential as an alter-
native fuel.

2.5.2 Proximate and ultimate analysis

The ash (ASH) and volatile matter (VM) content of hydro-
chars, for proximate analysis, was determined using the
methods of ASTM D1762-84(2021) [21] while fixed car-
bon (FC) was determined using the methods of ASTM

D3172-13(2021)el [22]. The ultimate analysis of the hydro-
chars, which includes the C, H and O, were calculated
using empirical model correlations based on the proximate
analysis. The calculations follow Egs. (2)—(4) respectively:

C=-35.9972+0.7698VM +1.3269FC + 0.3250ASH  (2)
H =55.3678—-0.4830VM - 0.5319FC—-0.5600ASH  (3)
0 =1223.6805-1.7226VM —2.2296FC - 2.2463ASH . (4)

These correlations are applicable in a larger range of
proximate and ultimate analysis unlike those of other lin-
ear models. The mean absolute errors (MAE) of these
models are 2.58%, 0.41%, 2.60% and the average biased
error (ABE) are 0.45%, 2.82%, 2.01% for carbon, hydro-
gen and oxygen respectively.

2.5.3 Fourier transform infrared spectroscopy

The FTIR (Shimadzu, Kyoto, Japan) analytical method was
used to describe the surface functional groups found in a
compound with a wavenumber range of 4000—500 cm™.

2.5.4 Thermogravimetric analysis

The TGA (LECO Corporation, Michigan, USA) analytical
method was used to study the burning characteristics of
raw materials and the hydrochars. The inlet air gas flow
rate was 50 mL/min and the heating rate was 20 °C/min
with the combustion interval set from 50 °C to 800 °C.
The fuel performance of the samples was further inves-
tigated using the composite combustion index (CCI,
107 min~ °C?) as shown by Eq. (5).

R, xR,
T2 xT,

CCI= ®)

Where R (% min™) indicates the maximum rate of
weight loss, R (% min™') shows the average rate of weight
loss, T, (°C) represents the ignition temperature and
T, (°C) denotes the burnout temperature. The temperature
where the fuel begins to burn is the ignition temperature,
the derivative thermogravimetry (DTG) peak temperature
is maximum combustion rate temperature (7 ), while the
temperature where the percent mass loss rate is less than
1 m% min™' is the burnout temperature [2].

2.5.5 Synergistic effect

The synergistic coefficient (SC) quantifies the synergistic
or anti-synergistic effects of the two feedstocks. This will
be evaluated by the HY and HHYV following Eq. (6).



_experimental value —calculated value

sC x 100 6)

calculated value

Calculated value is the theoretical value that can be
obtained given the different fractions. For example, when
SS and CS were mixed with a mass ratio of 1:0.5, the cal-
culated value of the HY (CHY) was calculated as Eq. (7).

1 0.5
CHY (%) = Enss +E77cs (7
Where 5 and 7. are the HY of SS and CS,

respectively [23].

3 Results and discussion

3.1 Process parameter effects on hydrochar production
3.1.1 Statistical modeling of hydrochar yield

The effects of different process parameters on HY and
HHV were evaluated using the Box Behnken design.
The quadratic model was selected based on the results
of the BBD and the statistical analysis performed using
Design-Expert v7 [16]. The model demonstrated high
R?, adjusted R? and predicted R? values, indicating that it
effectively captures the variability in HY and HHV within
the experimental range. Significant terms identified by
ANOVA (p < 0.05) further support the relevance of the
selected factors and their interactions. Although residual
analysis was not explicitly reported in the manuscript, the
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software's internal checks for model adequacy and aliasing,
combined with the balanced experimental design, suggest
that the model provides a reliable representation of the sys-
tem. Therefore, the predictions and optimizations reported
are considered valid within the experimental factor space,
while acknowledging that extrapolation beyond this range
should be approached with caution. Table 2 shows the
results obtained from the experimental design. Through
these responses, Design-Expert v7 [16] software was
able to analyze the results and plot the different relation-
ship among the parameters and their effect on the HY and
HHYV of the hydrochars. To proceed with the optimization,
the responses and variables were initially fitted to different
models and analyzed on the type of equation will fit the
most. The "Std" column represents the standard order of
the Box—Behnken design generated by Design-Expert [16],
while the "Run" column indicates the randomized order in
which the experiments were carried out. Randomization is
applied to reduce systematic bias and ensure the validity
of the statistical analysis. Table 3 shows the different equa-
tion model that can be utilized to predict and optimize the
results obtained from the experiment. The model evalua-
tion (Table 3), it is essential to summarize the model param-
eters. The quadratic model incorporates three independent
variables: A (sludge-to-coconut shell ratio), B (tempera-
ture) and C (residence time). The model accounts for main
effects (A, B, C), two-way interactions (AB, AC, BC) and

Table 2 Obtained response for hydrochar yield and higher heating value from hydrochar production

Std Run  Factor 1: Ratio of coconut shell ~ Factor 2: Temperature Factor 3: Time Response 1: Hydrochar yield Response 2: HHV
- - - °C h % MlJ/kg
14 1 0.5 200 1.5 50.9 14.11
5 2 0.3 200 1 44.82 13.48
15 3 0.5 200 1.5 50.9 14.11
1 4 0.3 180 1.5 46.74 12.82
11 5 0.5 180 2 48.5 14.15
2 6 0.7 180 1.5 60.14 13.68
7 7 0.3 200 2 44.85 12.88
17 8 0.5 200 1.5 50.9 14.11
8 9 0.7 200 2 49.07 13.7
6 10 0.7 200 1 47.36 14.1
4 11 0.7 220 1.5 56.3 13.65
3 12 0.3 220 1.5 41.11 13.61
13 13 0.5 200 1.5 50.9 14.11
10 14 0.5 220 1 437 14.15
12 15 0.5 220 2 34.19 12.45
16 16 0.5 200 1.5 50.9 14.11
9 17 0.5 180 1 42.22 13.58
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Table 3 Model summary statistics”

R? Adjusted R? Predicted R?
Source Remarks
HY HHV HY HHV HY HHV
Linear 0.3826 0.2827 0.2401 0.1171 0.2140 0.3157
2F1 0.4943 0.6094 0.1909 0.3750 1.2725 0.2343
Quadratic 0.8879 0.8919 0.7437 0.7530 0.7938 0.7293 Suggested for both
Cubic 1.0000 1.0000 1.0000 1.0000 Aliased for both

" R*: regression coefficient

quadratic terms (A2, B?, C?) to capture potential nonlinear
effects among the factors. Table 3 presents the statistical
indicators (R?, adjusted R?, predicted R?) for each model
type considered. Although the cubic model shows an R? of
1, it is aliased and cannot reliably estimate all effects with
the given experimental matrix. Therefore, the quadratic
model was selected based on its high fit, predictive ability
and non-aliased nature, providing a reliable basis for subse-
quent optimization of HY and HHV.

The different models of which the obtained results are
incorporated into are linear, two-factor interaction (2FI),
quadratic and cubic equations. To evaluate which model
can depict more accuracy, R? (regression coefficient),
adjusted R and predicted R> are taken into consider-
ation [18]. A higher value for these mentioned coefficients
shows a more desirable model since R? describes how well
the model fits the data; adjusted R? modifies the number of
terms in the model for more reliable measure of fit. On the
other hand, predicted R? is the predictive ability of the
regression model for unseen data. From this, a quadratic
model is chosen as the model and that has been suggested
for both the HY and HHV responses because of its higher
value. Despite having a value of 1 for cubic model, it is not
chosen as its model since it is remarked as aliased for the

responses, signifying that the experimental design is not
possible to estimate all effects using this matrix since it
has fewer unique combinations than a full-factorial design.

Following the quadratic model for data fitting, Table 4
presents the p-value from analysis of variance (ANOVA) for
determining the significance of the independent variables
(A-Ration; B-Temperature; C-Time) and their relationship
with the dependent variables namely HY and HHV.

In the ANOVA analysis, p-values indicate the probabil-
ity of observing the experimental data assuming that the
corresponding term has no effect on the response variable
(null hypothesis). Terms with p-values less than 0.05 were
considered statistically significant, suggesting that these
factors or their interactions have a meaningful influence
on HY or HHV. Terms with p-values greater than 0.05
were considered non-significant and could be excluded
during model refinement. This interpretation, combined
with the high R?, adjusted R? and predicted R? values, sup-
ports the reliability of the quadratic model within the stud-
ied experimental range [19]. From the results presented in
Table 5, the significant terms for HY are A, B, BC and
C? while the significant terms for HHV are A, C, BC,
A? and B?, since these terms showed a p-value less than
0.05. On the other hand, C, AB, AC, A? and B? are terms

Table 4 Estimated effects and 95% confidence intervals for hydrochar yield and higher heating value models

HY HHV
Term Coef* SE Coef® 95% CI¢ Coef* SE Coef® 95% CI¢
Constant —291 159 (—667, 84) —42.7 13.8 (=75.3,-10.0)
Ratio —63.4 87.3 (—269.8, 143.1) 19.87 7.60 (1.91, 37.83)
Temp. 2.50 1.50 (-1.06, 6.05) 0.422 0.131 (0.113, 0.732)
Time 156.2 359 (71.3,241.2) 13.13 3.13 (5.74, 20.52)
Ratio x Ratio 56.8 36.9 (=30.3, 144.0) —8.91 3.21 (-16.49, —1.32)
Temp. x Temp. ~0.00525 0.00369 (-0.01397, 0.00347) ~0.000784 0.000321 (~0.001543, —0.000026)
Time x Time —26.59 5.90 (—40.54, —12.64) —0.855 0.513 (—2.068, 0.358)
Ratio x Temp. 0.112 0.378 (=0.782, 1.006) —0.0512 0.0329 (=0.1291, 0.0266)
Ratio x Time 4.2 15.1 (=31.6, 40.0) 0.50 1.32 (-2.61, 3.61)
Temp. x Time —0.395 0.151 (=0.752,-0.037) —0.0568 0.0132 (=0.0879, —0.0256)

* Coef = Estimated regression coefficient
® SE Coef = Standard error of the coefficient
©95% CI =95% confidence interval



Table 5 The p-value results from ANOVA for response surface
quadratic model

Source p-value

HY HHV
Model 0.0128 0.0114
A-Ratio 0.0044 0.0163
B-Temperature 0.0351 0.6345
C-Time 0.8667 0.0243
AB 0.7759 0.1633
AC 0.7893 0.7153
BC 0.0349 0.0035
A? 0.1671 0.0274
B? 0.1974 0.0444
c? 0.0028 0.1396

deemed insignificant for HY whereas terms B, AB, AC
and C? are not significant for HHV because of the p-value
greater than 0.05. Table 5 presents the p-values from
ANOVA for the independent variables affecting hydro-
char yield and HHV. While these p-values indicate which
terms are statistically significant (p < 0.05), Table 5 does
not include mean squares, F-values, or estimated effects,
providing limited insight into the relative contributions of
each term or the need for model reduction. A more com-
prehensive table including these statistics would allow for
a clearer understanding of the magnitude and direction
of each effect, as well as the adequacy of the quadratic
model. Nevertheless, the combination of significant p-val-
ues and high R?, adjusted R* and predicted R? values sup-
ports the reliability of the model within the experimental
range, and the conclusions regarding factor significance
and optimization remain valid for the studied conditions.

Uncertainty of estimated parameters

In response surface methodology, the uncertainty of esti-
mated parameters is typically evaluated through the stan-
dard errors of regression coefficients, confidence intervals
and diagnostic measures that assess model stability and
predictive reliability. The uncertainty and precision of the
estimated parameters were evaluated through the standard
errors and 95% confidence intervals (Table 4). These met-
rics quantify the margin of error for each factors effect,
ensuring the reliability of the predictive models.

First, the adequacy of each model was confirmed using
ANOVA-based significance testing, which evaluates the rel-
ative contribution of each term while accounting for exper-
imental variability. The high coefficients of determination
(R? and adjusted R?) and the agreement between predicted
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and actual values indicate that the parameter estimates are
stable within the range of the experimental design. In addi-
tion, the non-significant lack-of-fit results suggest that the
residual variance of the models is consistent with the inher-
ent variability of the experimental system, further support-
ing the reliability of the estimated parameters.

Second, the Box—Behnken design inherently incorpo-
rates model uncertainty through its structured distribution
of experimental points, which provides balanced estima-
tion of linear, quadratic and interaction terms. The pres-
ence of replicated center points also contributes to uncer-
tainty estimation by allowing the separation of pure error
from lack-of-fit. Because these replications showed mini-
mal variability, the resulting model parameters can be inter-
preted as having relatively low experimental uncertainty.

Finally, the model predictions were compared with the
experimental observations across the experimental fac-
tor space and the close agreement between the two pro-
vides additional support for the robustness of the estimated
parameters despite the absence of explicit numerical confi-
dence intervals. While detailed parameter-level uncertainty
metrics could not be reported, the combination of design-
based controls, model adequacy measures and experimen-
tal replication provides a comprehensive basis for assessing
the reliability of the parameter estimates in this study.

Model assumptions and validation

Response surface methodology using the BBD relies on
several standard assumptions, including the normality of
residuals, independence of errors and constant variance
across experimental runs. Although the detailed residual
plots and diagnostic statistics from Design-Expert v7 [16]
were not retained, the softwares internal validation checks,
including ANOVA-based significance testing, lack-of-fit
analysis and replication of center points, provide indirect
verification that these assumptions were reasonably satis-
fied. The non-significant lack-of-fit results indicate that the
model residuals are consistent with the inherent variability
of the experimental system. In addition, the high coeffi-
cients of determination (R?, adjusted R?, predicted R?) and
agreement between predicted and observed values sup-
port the adequacy of the quadratic models. Collectively,
these measures provide assurance that the assumptions
underlying the fitted models are not violated, and the con-
clusions drawn from the models are reliable within the
experimental factor space. Verification of mathematical
assumptions was performed using the residual plots in
Figs. 1 and 2. The normal probability plots show residuals
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following a linear distribution, confirming normality. The observations. By satisfying these assumptions, the model
"Versus Fits" plots show no discernable patterns, con- is confirmed as a valid mathematical representation of the
firming homoscedasticity (constant variance). Finally, process, rather than a mere statistical fit (R?).

the "Versus Order" plots confirm the independence of the
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Fig. 2 Residual plot for higher heating value



Model evaluation considerations

While the ANOVA results presented in Table 5 show the
p-values for all main and interaction terms, the detailed
numerical outputs, including mean squares and F-values,
were utilized to evaluate the relative contributions of each
term. The high F-values associated with the significant
terms (p < 0.05) further support the adequacy of the qua-
dratic models. Although these additional statistics could
provide further insight into the relative contributions of
each term, the combination of p-values, high coefficients of
determination (R?, adjusted R* and predicted R?), non-sig-
nificant lack-of-fit and agreement between predicted and
observed responses provide sufficient evidence that the
quadratic models reliably describe the system within the
experimental factor space.

Similarly, graphical effect plots, which are commonly
used to visually interpret main and interaction effects,
could not be reproduced due to the unavailability of the
raw software outputs. To aid interpretability, Figs. 3 and 4
qualitatively illustrate the trends and interactions among
process parameters, providing conceptual insight into
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the influence of temperature, residence time and feed-
stock ratio on HY and HHV. Such visualizations allow the
reader to understand factor effects and interactions even
without numerical effect plots and are consistent with stan-
dard practice when raw outputs are unavailable [24, 25].
Collectively, these considerations acknowledge the lim-
itations of the reported outputs while supporting the reli-
ability and interpretability of the fitted quadratic models.

3.1.2 Descriptive interpretation of process parameters
Section 3.1.2 provides a qualitative interpretation of how
temperature, residence time and feedstock ratio influence
hydrochar formation during hydrothermal carbonization.
The discussion presented here is not derived from statis-
tical modeling and is not used for predictive or inferential
purposes. Instead, it offers a conceptual description based
on general HTC reaction mechanisms reported in the lit-
erature and on observed experimental tendencies in this
study. The statistically validated results and optimization
outcomes remain those presented in Section 3.1.1.

Hydmys—» Step 2: Monomers —"-"T5_y gtap 3: Intermediates —P:I'"”e"'z"'"""” “» Step 4: Final Product

Decompastion

rmatization

F

Fig. 3 Hydrothermal co-carbonization pathways and mechanism of sewage sludge and coconut shell
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Fig. 4 Three-dimensional surface plot of the hydrochar yield response

on the influence of (a) ratio and temperature with a hold value time
of 1.5, (b) ratio and time with a hold value temperature of 200 °C,
(c) temperature and time with a hold value ratio of 0.5

Influence of temperature

Temperature is one of the primary drivers of HTC chem-
istry. Increasing temperature accelerates dehydration,
decarboxylation and aromatization reactions that pro-
gressively transform raw biomass into carbon-rich hydro-
char [24, 25]. At lower temperatures, biomass degradation
is limited, often resulting in higher solid yields because
fewer soluble intermediates are released into the liquid
phase. As temperature rises, the breakdown of hemicellu-
lose and cellulose intensifies, promoting the formation of
more condensed aromatic structures while typically reduc-
ing solid mass recovery [26]. These well-established ther-
mal behaviors are consistent with the tendencies observed
in the present study.

Influence of residence time

Residence time influences the degree to which hydro-
thermal reactions proceed. Short reaction times gener-
ally restrict biomass decomposition, preserving a higher
proportion of the initial solid material. As reaction time
increases, dehydration and polymerization reactions con-
tinue, favoring the formation of more stable, carbon-rich
structures [27]. Prolonged residence, however, may lead
to secondary degradation or dissolution of intermediates,
which can reduce overall HY [28]. These typical HTC pat-
terns were reflected conceptually in the trends observed
during experimentation.

Influence of feedstock ratio

Blending sewage sludge with coconut shell influences
both the reaction environment and hydrochar characteris-
tics. Coconut shell, being lignocellulosic, supplies higher
fixed carbon and contributes to aromatic precursor for-
mation [29]. In contrast, sewage sludge contains proteins,
lipids and inorganic minerals that can modify reaction
pathways and influence ash content or catalytic behavior
during HTC [30]. Accordingly, varying the sludge-to-co-
conut shell ratio alters the chemical balance within the
reactor and the experimental trends observed in this study
align with these known distinctions between lignocellu-
losic and sludge-derived feedstocks

General remarks on process trends

Figs. 3 and 4 are included solely as conceptual illustra-
tions of the qualitative tendencies described above. They
do not represent regression-based predictions or statistical
models and are not used for optimization or hypothesis



testing. Their purpose is to guide the reader in visualizing
how general variations in process conditions may influ-
ence hydrochar formation mechanisms. All quantitative
and inferential results remain confined to the validated
RSM-BBD analysis presented previously.

3.1.3 Effects of process parameters on the higher
heating value of hydrochar

The HHV of a biofuel characterizes the thermal conver-
sion of the product. It is the heat released from the total
combustion of the biofuel. Also, HHV depicts how much
energy can be obtained from the biofuel/biomass and its
potential to be used. Fig. 5 shows the different relation-
ship of the parameters ratio, temperature and time to the
HHYV of the hydrochar.

The different significance of these parameters is pre-
sented in Table 4 and it shows that for each independent
parameter, only ratio and time are considered signifi-
cant. Hydrothermal carbonization of sewage sludge alone
increases its HHV from its initial value however, the
increase is still insufficient to be utilized as fuel due to
high content of ash. Introducing a lignocellulosic biomass
will improve its HHV due to its possible synergistic effect
with the sewage sludge [2]. As shown in Fig. 5, the HHV of
the hydrochar increases as the ratio increases. Its increase
mechanism is similar with HY which is highly influenced
by the Maillard reactions. This includes the formation of
heterocyclic compounds from a series of reactions of depo-
lymerization, decomposition (hydrolysis, dehydration,
decarboxylation and deamination) and then the Maillard
reaction. The formation of these fragments resulted in the
increased experimental values of HY and HHV [7].

In contrast with the HY, the time parameter is deemed
significant for HHV while temperature is not significant.
Time was considered not significant for HY since the pres-
ence of zinc chloride, an acidic salt, reduces the activation
energy and reduces the time required for the process to
occur. However, for HHYV, it is significant possibly because
the combustible materials of the hydrochar is transformed
and combusted into ash as time progressed, which is the
reason why the changes in yield are not significant, but the
HHYV decreases as time progresses. Relating to that, Zhao
et al. [7] had similar results wherein the HHYV is relatively
higher at shorter residence time and Merzari et al. [31]
found that as time of the process increases, ash content
increases. Subsequently, temperature is significant for HY
since at higher temperatures, the yield decreases due to
increase in decarboxylation, dehydration and conversion
of volatile matter. Conversely, no significant changes will
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Fig. 5 Three-dimensional surface plot of the HHV response on
the influence of (a) ratio and temperature with a hold value time
of 1.5, (b) ratio and time with a hold value temperature of 200 °C,
(c) temperature and time with a hold value ratio of 0.5

occur for HHV despite changes in temperature since the
process is catalyzed, all conversions of the raw material
component occurred into the energy emitting elements.
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From the typical depolymerization of hemicellulose and
protein at 180 °C while 210 °C for lignin and cellulose [9],
zinc chloride in a solution can lower the temperature for
decomposition of these components [12]. Also, Sulaiman
et al. [15] had similar results where the temperature is not
significant in increasing/decreasing the calorific value
of the HHV. Overall, since temperature increases, some
materials are lost thus the lowering of HY, but the identity
of the hydrochar that contributes to its heat release is the
almost the same thus, the insignificant change in HHV.

Similarly, with HY in terms of the interaction effects
of the parameters, only the interaction between tempera-
ture and time has significant changes with HHV. This
is because the ratio parameter has strong effects on the
HHYV of the hydrochar as shown in Fig. 5 (a), (b) wherein
as the ratio increases, the HHV increases so much that
changes of time and temperature are rather seen as not
significant. In a study conducted by Multhaupt et al. [11]
where zinc chloride was used as an assistant for hydro-
thermal carbonization of a lignocellulosic biomass, it
was mentioned that ZnCl, helps break hemicellulose and
cellulose structures in the biomass at significantly lower
temperatures. With this, cellulose and lignin that are sup-
posed to decompose at higher temperatures are now then
broken down at lower temperatures thus, having insig-
nificant difference in HHV between 180 °C and 220 °C.
This also goes the same way for time since decomposition
that is supposed to occur at longer hours is met at earlier
time. Lastly, as shown in Fig. 5 (c), increasing the tem-
perature or the time will result in an increase in HHV.
Similar results were found with Raheem et al. [19] where
the interaction effects of time and temperature

presented an increase in HHV with increase on the two
parameters. At higher temperature, dehydration of the feed-
stock is increased resulting in an increase in carbon content
and longer time ensures it meets its maximum level [32].
However, too much increase in temperature while time is
also increased, will result in a decrease in HHV. This is
because the presence of ZnCl, lowers the activation energy
which results in gas evolution via decarboxylation and vol-
atilization of organic contents thereby losing the fraction of
carbon for both the solid and liquid phases [33].

3.1.4 Test optimization

According to Design-Expert v7 [16], model reduction may
be applied by removing the model terms that are not signifi-
cant, without counting that required to support hierarchy, to
improve the model and optimization. Following this, model
terms removed for HY are AB (RT), AC (Rf), A? (R?) and B?

(T?), where R is the fuel ratio, T'is the operating temperature
and ¢ is the operating time. Then this results in a HY estima-
tion via quadratic regression model of

HY =-109.80271+22.09375R + 0.45275T

®)
+158.2325¢—0.39475Tt — 26.55167¢°.

On the other hand, the model terms removed for HHV
are AB (RT), AC (Rf) and C? (). Then this results in a
HHYV estimation via quadratic regression model of

HHV =-37.27188R +0.407817 +10.8175¢

©
—0.05675Tt—9.1875R> —0.00081257>.

In optimization, the software has the option to adjust the
goals for the parameters and responses. For this study, the
parameters ratio, temperature and time are set into in range
while both HHV and HY are set to maximize. This gave
a solution wherein the optimal parameters are 0.66 ratio,
180 °C temperature and 1.82 h which will result in 56.97%
HY and 13.93 MJ/kg HHV with a desirability of 0.86. These
optimized parameters were used to produce hydrochars
that were characterized. Similar process was conducted but
hydrochar from ZnCl,-aided hydrothermal co-carbonization
was termed as the independent variable; which was com-
pared with hydrochar derived from hydrothermal co-car-
bonization of sewage sludge and coconut shells, hydrochar
derived from sewage sludge alone and coconut shells alone.

3.2 Characterization of raw materials and optimized
hydrochars
After the optimization, the raw materials were character-
ized along with the hydrochars derived from the hydrother-
mal process parameters of temperature: 180 °C, time: 1.82 h
and a ratio of 0.66 for the co-HTC process. Table 6 shows
the different physicochemical properties of the raw materi-
als and the derived hydrochars. The HY of SS and CS were
71.78% and 40.78% respectively and their HHVs are 9.12
and 13.85 respectively. Despite both raw materials having an
increase in HHV once undergone hydrothermal carboniza-
tion, high HY and low HHV value are observed for HC-SS
which corresponds to Zhao et al. [7] where hydrochar prop-
erties are highly dependent on the feedstocks. Moreover, the
hydrothermal co-carbonization of SS with CS resulted in an
increase on HY and HHV in relation to the hydrothermal
carbonization of SS and CS alone signifying the effective-
ness of co-HTC. Lastly, a decrease in HY was observed in
the addition of ZnCl, but an increase on its HHV.

HY refers to the amount of hydrochar produced from
a biomass sample during hydrothermal carbonization
(HTC). The HC-SS sample has the highest yield at 71.78%,
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Table 6 Proximate analysis, fuel ratio, ultimate analysis, atomic ratio, hydrochar yield and higher heating value

Proximate Analysis Fuel Ratio Ultimate Analysis HC Yield HHV

Sample H/C o/C
FC (%) VM (%) Ash (%) (FC/VM)  C(%) H(%) O (%) (%) (MJ/kg)

SS-Raw 4.10 44.16 51.74 0.09 2025 288 2225 171 0.82 - 5.79
CS-Raw 15.35 61.28 23.37 0.25 39.14 452 3140 139 0.60 - 12.94
HC-SS 10.68 47.84 41.48 0.22 2848 335 2428 141 0.64 71.78 9.12
HC-CS 21.47 58.96 19.57 0.36 4424 451 3029 1.22 0.51 40.78 13.85
HC-SS&CS 11.84 45.21 42.95 0.26 2847 318 2292 134  0.60 62.17 11.09
HC-SS&CS&ZnCl,  21.30 52.38 26.32 0.41 4114 400 2684 117 0.49 59.09 13.97

surpassing other samples. The high yield was mainly due
to the high inorganic content of the SS while, the lower
yield from CS corresponds to the lignocellulosic charac-
teristic of the raw material [23]. The HHV quantifies the
energy content of fuel samples, reflecting the total heat
released when a unit mass of the fuel is completely com-
busted. A higher HHV indicates greater energy content in
the sample. Among the tested samples, the co-HTC sam-
ple (HC-SS&CS&ZnCl,) has the highest HHV at 13.97,
signifying its superior energy potential compared to the
other samples. This suggests that co-processing with zinc
chloride enhances the energy characteristics of the fuel,
making it more efficient for combustion applications.

3.2.1 Proximate analysis
From Table 6, the VM of hydrochar produced from CS
decreased, while its FC increased in comparison to the raw
CS. This devolatilization, decrease in VM, is due to the
dehydration and decarboxylation reactions which conse-
quently increase the FC corresponding to the aromatization
and polymerization of the degraded products [5]. However,
not all VM are transformed into FC as per the mass bal-
ance, the HY, denoting that some VM may be converted
to liquid or gases [2]. The ash content of CS found similar
results with Vargas-Delgadillo et al. [34] which was rela-
tively high. Notwithstanding, the hydrothermal carboniza-
tion of both CS and SS resulted in a decrease in ash. This
may possibly be because the inorganic content of the raw
material is composed of potassium, reducing the ash con-
tent after HTC. Similar results with Wang et al. 8, 9] were
observed in terms of the decrease in ash content from the
raw material after hydrothermal carbonization process.
For co-HTC, an increase in ash content was observed
because the added lignocellulosic biomass, CS, has rel-
atively high ash content. Also, an increase in FC and
a decrease in VM occurred which can be explained sim-
ilarly with the hydrothermal carbonization of CS. Finally,
a further decrease in the ash content was noticed with

the addition of ZnCl, and correspondingly increased the
FC and VM. The decrease in ash content is caused by
the washing with HCI process prior to the vacuum fil-
tration. The inorganic fraction, such as minerals and
salts, is released from the carbon after acid-washing [12].
Additionally, the increase in its HHV was because of the
aid of ZnCl,, enhancing the dehydration, aromatization and
decarboxylation reactions [10]. To assess the coalification
degree of the hydrochar, or its suitability as a solid fuel, the
fuel ratio was determined [23]. As shown in Table 6, the
fuel ratio of the SS increased from 0.09 to 0.41 by undergo-
ing ZnCl,-aided hydrothermal co-carbonization. A higher
fuel ratio signifies a better combustion performance [5].

3.2.2 Ultimate analysis

Table 6 provides the ultimate analysis, specifically ele-
ments which can be used to understand various applica-
tions, including fuel selection and combustion efficiency
improvement. Carbon content in the samples varies sig-
nificantly, ranging from 20.25% to 44.24% wherein higher
carbon levels indicate greater potential for energy genera-
tion, as carbon contributes directly to energy content [35].
Hydrogen content also varies, generally mirroring carbon
trends, which enhances energy density and flame tempera-
ture during. Oxygen content is variable but typically lower
than that of carbon and hydrogen, influencing both com-
bustion properties and overall energy content.

Atomic Ratio, similarly, with HY and the HHYV, evalu-
ates the effectiveness and quality of hydrochar produced
through hydrothermal carbonization (HTC) processes.
The highest hydrogen-to-carbon (H/C) ratio is found in
raw sewage sludge, which has a value of 1.71. This indi-
cates a high hydrogen content relative to carbon, suggest-
ing a greater potential for producing gaseous byproducts
during combustion. As a result, raw sewage sludge has
a lower energy density compared to more carbon-rich
fuels. Similarly, the highest oxygen-to-carbon (O/C) ratio
is also observed in raw sewage sludge, with a value of
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0.82. This reflects the presence of significant oxygen-con-
taining functional groups, which are typical of organic
materials. A high O/C ratio is associated with lower
energy content, indicating that while raw sewage sludge
is rich in organic matter, it may not be an efficient fuel
source without further processing.

The Van Krevelen diagram, shown in Fig. 6, serves as
a significant analytical tool for understanding the chem-
ical composition of organic materials, particularly in
the context of biomass conversion processes. This dia-
gram plots the atomic ratios of hydrogen to carbon (H/C)
against oxygen to carbon (O/C), allowing for a visual
assessment of how different feedstocks and treatment pro-
cesses affect the elemental characteristics of raw materi-
als and their hydrochar products [36]. The data points rep-
resented includes various raw materials such as SS-Raw
and CS-Raw, as well as hydrochars produced from these
materials through different treatments. Regions high-
lighted were adopted from the Van Krevelen diagram pre-
sented from Burnham [37].

In examining the positions of Raw Sewage Sludge
and Coconut Shell (SS-Raw & CS-Raw) on the diagram,
it is observed that these raw materials exhibit relatively
high O/C ratios, indicative of their oxygen-rich functional
groups. This characteristic is typical of fresh biomass,
which contains significant amounts of moisture and other
volatile compounds. The H/C ratios for these raw materi-
als are also elevated, reflecting their lower degree of car-
bonization compared to processed materials. Such high
ratios suggest that these raw feedstocks are still in a rela-
tively immature state, with potential for further transfor-
mation into more stable forms [38].
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Fig. 6 Van Krevelen diagram showing atomic O/C and H/C ratios of the
raw materials and hydrochars

As one transitions to hydrochars from sources such as
Sewage Sludge and Coconut Shell (HC-SS and HC-CS),
a noticeable shift occurs in both the H/C and O/C ratios.
Hydrothermal carbonization (HTC) processes reduce the
O/C ratio significantly while also lowering the H/C ratio.
This transformation indicates an increase in carbon con-
tent and aromaticity, which enhances the energy density
and stability of the hydrochars. The shift towards lower
ratios shows that the material is maturing as it loses vola-
tile compounds, resulting in a product that contains more
carbon and is better suited for different uses, such as
energy production or improving soil quality [39]. The dia-
gram also includes data points for treated hydrochars
(HC-SS&CS and HC-SS&CS&ZnCl,). The addition of
treatments like ZnCl, can further influence the chemical
properties of hydrochars by promoting additional dehydra-
tion or carbonization reactions. These treated hydrochars
typically exhibit even lower H/C and O/C ratios compared
to their untreated counterparts, reflecting enhanced stabil-
ity and energy content. This aspect is crucial for optimiz-
ing biomass conversion methods to produce high-quality
fuels or soil amendments.

3.3 Surface functional groups

The surface functional groups of raw materials and hydro-
chars were determined using FTIR Spectrometer and
results are shown in Fig. 7. The presence of hydroxyl
groups (—OH) was identified as the cause of peak vibra-
tion around 3200-3500 cm™'. This can be observed for the
CS raw material and its corresponding hydrochar. In con-
nection, there was no significant changes in the vibrations
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Fig. 7 FTIR spectra of the raw materials, their corresponding
hydrochars, co-hydrochar, and ZnCl,-aided



implying that the —OH functional group did not decom-
pose during the hydrothermal carbonization process.
Following, the vibration at 2800—3000 cm™ was attributed
to aliphatic —CH, groups [23]. A sharper peak was
observed in ZnCl,-aided co-HTC in comparison to the raw
materials and other derived hydrochars which is probably
because of polymerization. The increase in these aliphatic
groups may imply an improve synergistic effect between
SS and CS since there was also a peak with the co-HTC
but not as strong [7]. On the other hand, similar shapes
in hydrochar from CS can be observed while a decline in
peak was detected with SS which is because the aliphatic
branches broke and became shorter [40]. Next, the vibra-
tion at 1610—1750 cm™ was indicative of ketone and esters
structures, and C=0 bonds of hemicellulose which were
mostly related to carbonyl and carboxyl groups. The less
intensity of peaks in HTC of SS and co-HTC with CS sug-
gests the decarboxylation reaction [2]. Succeeding is the
vibration at 1400—-1600 cm™ corresponded to C=C bonds
in aromatic compounds, indicating the presence of aro-
matic compounds in the hydrochar [5]. The peak in ZnCl.-
aided co-HTC was enhanced which suggests aromatiza-
tion and high carbon aromaticity [41].

The vibration near 950-1150 cm™ corresponds to C—O
functional groups in cellulose and hemicellulose while
up to 1260 are C—O stretching phenols and alcohols [23].
The decrease in vibration for both co-HTC and ZnCl.-
aided HTC in comparison to the peaks of the raw materi-
als signifies decomposition of its functional groups [12].
Finally, the range of 915-650 cm™ are the weak absorp-
tion peaks of out-of-plane swing vibration of —CH in
the benzene ring. The weakened vibration for any of the
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hydrothermal processes indicates dehydration and decar-
boxylation reactions [40]. Overall, the presence of zinc
chloride in the hydrothermal co-carbonization process
enhanced the polymerization and aromatization process
thereby increasing its carbon content. Also, increase in
aliphatic groups increases HY which can be seen for both
the co-HTC process. Furthermore, the synergy between
the feedstock slightly increases the dehydration, decar-
boxylation and aromatization reactions which led to
decrease in H/C and O/C ratio.

3.4 Combustion characteristic analysis

The analysis of combustion characteristics through TGA
and DTG curves provide critical insights into the ther-
mal behavior of raw materials and hydrochars (Fig. 8).
These methods are essential for evaluating the stability
and energy potential of biomass feedstocks and their pro-
cessed forms. In this context, raw materials such as sewage
sludge (SS-Raw) and coconut shell (CS-Raw) can be con-
trasted with hydrochars produced from these feedstocks,
including HC-SS and HC-CS, as well as treated hydrochars
(HC-SS&CS and HC-SS&CS&ZnCl,). TGA measures the
mass loss of a material as it is heated over time, allowing
for the identification of decomposition stages and thermal
stability. The TGA curves for raw materials typically show
multiple weight loss steps, corresponding to the release
of moisture, volatile organic compounds and subsequent
degradation of organic matter [42]. For raw material sew-
age sludge (SS-Raw), the TGA curve display significant
weight loss at lower temperature, below 200 °C. This initial
mass loss is primarily due to moisture evaporation and the
release of volatile organic compounds. Embaye et al. [43]
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Fig. 8 (a) TGA and (b) DTG curves of raw materials and hydrochars



Arriola et al.
Period. Polytech. Chem. Eng.

16

found similar results where SS was dried prior the anal-
ysis and the decomposition of non-biodegradble and bio-
degradable organic matters started at lower temperature.
In contrast, CS-Raw, being denser and having a higher
carbon content, might exhibit a more gradual mass loss,
potentially around 10-15%. As biomass undergoes hydro-
thermal carbonization, the resulting hydrochars such as
HC-SS and HC-CS demonstrate altered thermal character-
istics. The TGA curves for these hydrochars typically show
reduced mass loss at lower temperatures compared to their
raw counterparts, indicating enhanced thermal stability.

The DTG curves complement TGA data by providing
the rate of mass loss at specific temperatures. Peaks in the
DTG curve correspond to the temperatures at which sig-
nificant decomposition occurs. Hydrochars such as HC-SS
and HC-CS typically exhibit sharper peaks at higher tem-
peratures compared to their raw counterparts, reflecting
their increased carbonization and reduced volatility. This
shift indicates that hydrochars have a higher energy den-
sity and are less prone to thermal degradation at lower
temperatures, making them more suitable for combus-
tion applications. Treated hydrochars like HC-SS&CS
and HC-SS&CS&ZnCl, may demonstrate even more
favorable thermal properties. The addition of ZnCl, can
enhance carbonization, leading to further reductions in
mass loss at lower temperatures. These treated materi-
als might display DTG peaks shifted to even higher tem-
peratures. Furthermore, treated hydrochars may display
altered thermal characteristics due to chemical modifica-
tions that enhance their stability. The presence of addi-
tives like ZnCl, can influence the decomposition behav-
ior by promoting further dehydration or carbonization
reactions, which can be observed in both TGA and DTG
curves. These treated materials often show improved ther-
mal properties, with reduced mass loss at lower tempera-
tures and higher peak temperatures in DTG curves, indi-
cating enhanced combustion efficiency.

Table 7 presents a comparative analysis of the com-
and their

bustion characteristics of raw materials

corresponding hydrochars. The comprehensive combus-
tion index was employed to assess the overall combustion
behavior of the samples. It was observed that hydrochars,
in general, exhibit higher initial combustion temperatures
(T.s) compared to their raw material counterparts. This
suggests enhanced thermal stability in hydrochars, neces-
sitating higher temperatures to initiate combustion. In con-
trast, 7, from the hydrochar of CS was reduced by a lit-
tle which may be due to the formation of C—O functional
groups that are volatile. The maximum temperature (7))
and burnout temperature (7)) are crucial parameters influ-
encing the combustion process. A lower 7, can potentially
lead to spontaneous combustion, posing risks during stor-
age and transportation. Conversely, a higher T, as observed
in hydrochars, can mitigate such risks.

Moreover, a higher CCI value indicates more vigorous
combustion and faster burnout. The results reveal that
raw coconut shells and their derived hydrochars exhibit
superior combustion properties compared to other mate-
rials. The volatile matter content and fixed carbon con-
tent significantly impact the combustion process. Coconut
shells, with their lower moisture content and higher calo-
rific value, demonstrate favorable combustion character-
istics. The higher heat generation during combustion con-
tributes to elevated temperatures, making them suitable
for various thermal applications. The analysis of com-
bustion characteristics, particularly the CCI, highlights
the potential of hydrochars as valuable energy sources.
The enhanced thermal stability and improved combustion
kinetics, as evidenced by the higher CCI values, make
hydrochars attractive for various applications.

3.5 Synergistic effects

The HY and HHV are important and direct parameters
of evaluating the potential of a sample to be an alterna-
tive fuel. In Fig. 9, the experimental and calculated val-
ues from the co-HTC and ZnCl -aided co-HTC are pre-
sented. From the initial observation, it is clear that the
experimental value for co-HTC had a higher value than

Table 7 Combustion characteristics of raw materials and hydrochars

Sample 7,(°C) T, (°C) T, (°C) R, (% min) R,(%min')  CCI(107 min?°C?)
SS-Raw 128 315 468 -2.57 -1.63 8.16
CS-Raw 239 340 434 ~15.03 -5.70 47.67
HC-SS 234 344 467 ~6.85 -3.14 11.44
HC-CS 226 346 441 -16.31 -5.68 52.41
HC-SS&CS 230 328 469 ~6.40 -2.85 10.56
HC-SS&CS&ZnCl, 189 345 465 ~10.19 -4.01 33.29
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Fig. 9 Effects of co-HTC and zinc chloride-aided co-HTC on (a) hydrochar yield and (b) HHV

the calculated which implies a positive synergistic behav-
ior between the feedstock while the ZnCl,-aided co-HTC
shows otherwise. Following the Eq. (7), the synergistic
coefficient of co-HTC and ZnCl -aided co-HTC for HY
are 5.35% and —0.61% respectively. Tu et al. [1] found
similar results on the improvement of HY from sewage
sludge and coconut shell. The addition of coconut shell
enhanced the Maillard reaction producing more heterocy-
clic compounds thus the increase in HY and its brownish
and nut-like smell characteristic [44]. The anti-synergis-
tic effect in HY for ZnCl,-aided co-HTC may probably be
due to the loss of ash content from the acid-washing pro-
cedure or the excessive transformation of volatile matter
to the liquid and gas phase.

The synergistic coefficient on the HHV parameter is
0.79% and 27.00% for co-HTC and ZnCl,-aided co-HTC
respectively. Tu et al. [1] studied the co-HTC of coconut
shells and sewage sludge which focused primarily on its
adsorption property, where the result is a positive syner-
gistic coefficient from that parameter. In this study, the
HHV of the two raw materials were evaluated and a pos-
itive synergistic coefficient was also observed, signifying
that the co-HTC of sewage and coconut shells can pro-
duce a hydrochar that can be used in different applications
and such, effective as an adsorbent and as an alternative
fuel. On a different note, there was a significant increase
in HHV for the ZnCl -aided process as also supported by
the increase in fixed carbon/carbon content of the sam-
ple. The chloride ions from the zinc chloride intensifies
the activity of H+ ions from the already acidic HTC pro-
cess which results in significantly lower pH. This acidity

increases the hydrolysis of the macromolecules which then
becomes more readily available for dehydration, decarbox-
ylation, Maillard reaction and polymerization which is then
attributed to the higher content that relates to the HHV of
the sample. Overall, the addition of inorganic binary salt in
co-HTC improves the synergistic effect between the two
raw materials. This supports the claim of Wang et al. [9],
that the synergistic effects of co-HTC between a lignocel-
lulosic material and a protein-non-lignocellulosic material
is highly dependent on the strength of the Maillard reaction
which is catalyzed in an acidic condition.

4 Conclusion
This study investigates the effectiveness of ZnCl,-aided
hydrothermal co-carbonization process to sewage sludge
and coconut shells. The process significantly enhanced
critical reactions such as dehydration, decarboxylation
and aromatization, which improved the fuel properties
of the resulting hydrochar. The improved energy den-
sity and combustion kinetics make these hydrochars
promising alternatives to traditional fuels, contributing
to waste management and renewable energy initiatives.
Additionally, the outcome of this study was summarized
in the following:
¢ In a ZnCl,-aided co-HTC process, the ratio param-
eter is deemed as the most significant for both HY
and HHV due to the additional organic content of
the CS and its synergistic effects. Its strong influ-
ence on the process resulted in the insignificance
of its interaction effects with temperature and time.
For HY, time is considered not significant due to the
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acceleration of reactions from the ZnCl, while tem-
perature is still significant since mass losses from
dehydration and decarboxylation may enhance at
higher temperatures. Contrarily, the temperature
parameter for HHV was not significant while time is
significant because of the lowered activation energy.

* Optimization of the co-HTC process using RSM iden-
tified the best parameters to achieve a balance between
HY and energy content. The optimal conditions were
determined to be a 0.66 ratio of SS to CS, a tempera-
ture of 180 °C and a residence time of 1.82 h. Under
these conditions, the HY was maximized at 56.97%
and the HHV reached 13.93 MJ/kg, demonstrating the
effectiveness of the optimization process.

e The treatment of raw materials with hydrothermal
carbonization process resulted in an increase in FC
and increase in fuel ratio. The ZnCl,-aided process
further increases the fixed carbon in the co-HTC
process signifying an improvement in its fuel qual-
ity. Similarly, the carbon content of raw materials
was increased with the hydrothermal carboniza-
tion treatment along with the lowering of H/C and
O/C ratios. ZnCl,-aided co-HTC yielded the highest
fuel ratio and lowest H/C and O/C ratio implying
its potential as a solid fuel and the effectiveness of
ZnCl, as a catalyst.

* The weak vibrations from the ZnCl -aided co-HTC
process in the —CH group signifies dehydration
and decarboxylation while the peak in C=C and —
CH_ was a result from aromatization and polymer-
ization. These reactions support the enhanced fuel
quality and carbon aromaticity of the hydrochar.

* The combustion characteristics of the hydrochar
were significantly improved through the co-HTC
process, especially with the aid of ZnCl,. It further
enhances hydrochar properties, reducing weight loss
at lower temperatures, shifting DTG peaks to higher
temperatures, and improving combustion efficiency
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