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- - bonization process (co-HTC). Two residue biomass including spent coffee grounds and bagasse were sup-
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plied as co-combustion. The effects of sewage sludge and biomass addition on fuel properties were
evaluated to optimize the best condition for biocoal-liked production. The chemical composition and

Iéeth";ds-' hermal carbonizati mineral phase of solid product were further analyzed. Combustion kinetics analysis including activation
H(;,_dr);c;gr ermal carbonization energy (E) and pre-exponential factor (A) were derived from thermogravimetric analysis. It was found

Lignocellulosic biomass that the addition of coffee grounds and bagasse enhanced the fuel properties of the solid products,
Sewage sludge remarkably increasing high heating value (HHV) along with a low ash content, providing an increased
Solid fuel fuel ratio of 0.34 - 1.01 and higher HHV as 14.29 - 22.19 MJ/kg. The highest rate of energy recovery
was achieved when combining 75 wt% sewage sludge with 25 wt% spent coffee grounds. A substantial
decrease of H/C and O/C atomic ratios was distinguished after bagasse addition compared to commercial
lignite coal. It was also noticed that the relationship between the sewage sludge and biomass feedstocks
during co-HTC is synergistic by increasing the amount of oxidative carbon during the char combustion
stage and enhancing the degree of thermal stability. Moreover, it was also emphasized that during co-
HTC some carbon and inorganic contents of sludge and lignocellulosic biomass were partially transferred
into a liquid phase confirmed by TOC and ICP-OES analyses. A heavy metal leaching toxicity in a liquid
product was also determined according to the USA-EPA standard. The combustion reactivity was
improved, especially combustion reactivity of the biomass-sewage sludge-derived hydrochar.
Interestingly, the hydrochar product was anticipated to possess enhanced safety and stability.
Moreover, the co-combustion of hydrochar and coal improved the devolatilization properties and ignition
of coal. This strategy revealed that co-hydrothermal process with biomass is a prospective approach to
increase the value-added of sewage sludge feedstock as bicoal-like solid fuel.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction solid fuel energy production. With the growth of industrialization
and urbanization, a large amount of industrial sewage sludge is

As an industrial effluent treatment byproduct, sewage sludge is generated and is typically disposed of via landfill or incineration,
gaining significant attention as a sustainable biomass for bio-oil or which results in secondary pollution and a low rate of energy
recovery (Gai et al., 2016). Due to the toxic substances contained
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1.3-2 barrels of wastewater (Olajire, 2020), based on production
and water consumption. When this wastewater is treated, acti-
5 vated sludge is generated. Academics and industry have therefore
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dling sewage sludge. Due to the characteristics of sewage sludge
such as very high moisture content, pathogens, heavy metals,
and high ash content, it is challenging to recycle sewage sludge
as a source of renewable energy (Peng et al., 2018).

Hydrothermal carbonization (HTC) is a wet thermochemical
process capable of converting sewage sludge into solid fuel (hy-
drochar) under a facile temperature and autogenously generated
pressure (Koottatep et al., 2016; Sattasathuchana et al., 2023). This
technique shows good potential for completely sterilizing sludge
residue and producing hydrochar. One of the main advantages of
HTC is the suitability for biomass materials with a high moisture
content, such as sewage sludge, because of its ability to utilize bio-
mass feedstock without drying treatment. The solid:liquid ratio,
reaction time, and temperature influence the properties of biochar
prepared by treating sludge with HTC (Paiboonudomkarn et al.,
2023; Mumme et al., 2015). Temperature is an important parame-
ter in the HTC process because it predominantly affects the proper-
ties of the water, contributing to ionic reactions in the subcritical
region. At lower temperatures, carbonization produces a greater
quantity of solid products. At higher temperatures, carbonization
is more intense, leading to the formation of more liquid and gas-
eous products and fewer solid products (Khoo et al., 2020). In addi-
tion, the oxygen and hydrogen concentrations decrease with
increasing temperature, indicating the removal of these elements.
In contrast, the carbon value has been observed to increase with
increasing temperature. However, due to its high ash content,
low carbon content, and low heat value after the HTC process,
the properties and combustion behavior of hydrochar obtained
from sewage sludge indicate that it is not suitable for use as a solid
fuel (Lin et al., 2015; Ma et al., 2019; Zheng et al., 2019).

In order to improve the fuel properties of sewage sludge-
derived hydrochar, the co-hydrothermal carbonization (co-HTC)
of sewage sludge with other solid waste has attracted attention
(Bardhan et al., 2021). Lu et al. (2021) conducted the co-HTC of
sewage sludge with lignocellulosic biomass and found that com-
pared with sewage sludge alone, the high HHV of the obtained
hydrochar was enhanced from 6.10 to 13.23 M]/kg. The blending
ratio of the feedstock is a crucial co-HTC factor that affects denitri-
fication, desulfurization, and fuel characteristics (Zhang et al.,
2020). The presence of waste biomass mixed with sewage sludge
enhances the properties of solid fuel because the abundant cellu-
lose and lignin contained in biomass residue can improve decar-
boxylation, dehydration, and demethylation processes during co-
HTC (Zhai et al., 2017). These studies demonstrate that incorporat-
ing lignocellulosic biomass into industrial sewage sludge hydro-
char is a promising method for overcoming the barrier to its
energy utilization. Agricultural waste bioresources, such as bagasse
and spent coffee grounds, were selected as additive materials in
this study. Bagasse, the solid fibrous material remaining after sug-
arcane juice extraction, is the sugar industry’s primary waste prod-
uct. Processing 1,000 tons of sugarcane generates approximately
270-280 tons of bagasse (Martinez-Hernandez et al., 2018).
Bagasse is typically composed of hemicellulose, cellulose, and lig-
nin, and it has a low ash content. All of these components can be
utilized for energy production (Reza et al., 2016). Coffee grounds
were considered as a further additive because the amount of pro-
duced spent coffee grounds has been steadily increasing along with
the rise in global coffee consumption (Saberian et al., 2021). Spent
coffee grounds are produced during the coffee extraction process,
causing a number of environmental issues (McNutt and He,
2019). Spent coffee grounds have high organic content, including
carbohydrates, proteins, fiber, caffeine, polyphenol, tannins, and
pectin, and they have high calorific value (Kim et al., 2017). As a
result, spent coffee grounds have been utilized as a renewable
feedstock for the production of fuels (Massaya et al., 2021). More-
over, the co-combustion of solid waste with coal is another alter-
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native method for utilizing solid waste. This strategy supports
the carbon economy, the energy sector, and the environment
(Tong et al., 2019). From an economic standpoint, the potential
co-combustion of biomass and coal in thermal power plants is a
desirable alternative because it permits the use of current infras-
tructure that is already supplied with the necessary equipment
for gaseous emission control (Cong et al., 2019). Under the right
circumstances, it is possible to dispose of sewage sludge by com-
bining it with coal for co-combustion. Coimbra et al., (2016) inves-
tigated coal and sewage sludge co-combustion. TGA-DTG analysis
revealed that the composition of sludge affected the activation
energy.

In this study, the feasibility of converting sewage sludge derived
from activated sludge, which was obtained from wastewater treat-
ment in the brewery industry, was carried out by HTC. The effects
of reaction parameters on the solid yields, solid-to-liquid ratio, and
reaction temperature were investigated. Co-hydrothermal treat-
ments of sludge and biomass waste with varying blending ratios
were examined and the characteristics of the obtained hydrochar
were examined. The combustion behavior and kinetics of the
hydrochar were also evaluated. Additionally, the co-combustion
characteristics of commercial coal blended with different amounts
of hydrochar from sludge blends were investigated. The migration
behavior of the total concentration of heavy metals in the hydro-
chars during the hydrothermal reaction was also evaluated. This
research on mixing sewage sludge from wastewater treatment
with lignocellulosic waste, spent coffee grounds, and bagasse offers
a potential strategy for enhancing energy utilization and solving
the problem of solid waste disposal.

2. Materials and methods
2.1. Materials

Sewage sludge from the wastewater treatment of the brewery
industry in Khon Kaen, Thailand was utilized in this work. To
ensure the homogeneity of this sewage sludge, it was ground into
a fine powder (<1 mm). Spent coffee grounds, bagasse, and sludge
were dried for 24 h at 105 °C.

2.2. Co-hydrothermal carbonization (co-HTC) process

HTC was carried out in a 200 mL autoclave reactor coupling
with electronic heater. The effects of solid-to-liquid ratio were
remarked as 1:1, 1:3, 1:5, and 1:7. While the reaction temperatures
were assigned to 200, 210, and 220 °C. Prior to each experiment, a
dried sludge was mixed with DI water before introducing to the
autoclave reactor. Then, it was flushed with N, gas for 15 min to
eliminate the excess air inside the autoclave. For HTC step, the
reactor was heated up to the desired temperature and held for
5 h. After completing the reaction, the solid and liquid products
were separated and collected. The solid was then dried at 105 °C
for 24 h (labelled as HTC-S), while the liquid was kept in the fridge.
In addition, the as-synthesized solid samples were labelled as HTC-
x:y-z, where x:y represents the solid:liquid ratio and z represents
the hydrothermal temperature in degrees Celsius. Moreover, the
bare hydrochars obtained from pure spent coffee grounds or
bagasse without adding sewage sludge were denoted as HTC-C
and HTC-B, respectively.

For co-HTC, only the effect of mixing ratio was investigated by
fixing the solid-to-liquid ratio as 1:5 at reaction temperature of
220 °C. The desired mixing ratios were 25, 50, and 75 wt%. In addi-
tion, the obtained hydrochars were denoted by their mixing ratio
and biomass type (S = sludge, C = spent coffee grounds, and B = ba-
gasse). For example, HTC-25%SC referred to the hydrochar derived
from 25% sewage sludge mixed with spent coffee grounds.
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2.3. Combustion behavior

The combustion behavior and combustion kinetics of each sam-
ple was analysis by using thermogravimetric method (TGA, Met-
tler, Toledo, USA). Mixtures containing 10, 30, and 50 wt% HTC-S
blended with commercial coal were applied to investigate the per-
formance of a co-combustion ability. TGA measurement was car-
ried out under air atmospheric from temperature range of 30 -
700 °C with a heating rate of 10 °C/min and flow rate of 30 mL/
min. Ignition temperature (T;), maximum combustion rate temper-
ature (T,,), and burnout temperature (T,) were determined by
using the TG and DTG profiles. The comprehensive combustibility
index (S) was also calculated to examine the combustion reactivity
of samples (Wang et al., 2012).

(dw/dt) gy (dw/dt)
TT,
where (dw/dt),, and (dw/dt),,,, represent the maximum and
mean rates of weight loss (wt%/min), respectively.
The fundamental rate equation calculated in all solid-state

heterogeneous phenomena was the Arrhenius equation (Peng
et al., 2016).

do A
ar= EEXP(—W)(

S=

mean (‘1 )

1-a) (2)

o= (mp—my)/(mo —my) (3)

where E is the activation energy (kJ/mol) of the reaction, A is the
pre-exponential factor (min~!) of the reaction, # is the heating rate
(10 K/min), R is the universal gas constant (8.314 J/K.mol), T is the
absolute temperature (K), « is the sample conversion rate at time t
(derived from the TG-DTG graphs). While mq, m, and m¢ are corre-
sponding to the initial, instantaneous, and final mass of samples,
respectively.

Using the approximation introduced by the Coats-Redfern (CR)
method, Equation (2) can be integrated and rearranged as follows
(Li et al., 2020):

* g R. 2RT. E
ln% e - Mt ) R 4)

The left side of Equation (4) was plotted against 1/T, providing
the slope of the straight line as E/R. The value of E can be calculated
from the slope, whereas A is derived from the regression line
intercept.

Solid fuel combustion is typically characterized by the first-
order kinetic model (n = 1) (Lin et al., 2015). Considering the value
of 2RTJE, it is close to zero, it can be noted as a constant. Thus,
equation (4) can be simplified as follows:

1n[@]:1n%f%(n:1) (5)

2.4. Analysis method

Elemental compositions (C, H, N, and S) of the sludge and
hydrothermally treated biomass were examined using CHNS ana-
lyzers (LECO, 628 series, USA). Moisture, ash, and volatile matter
(VM) were measured following the ASTM standards D-3173, D-
3174, and D-3175, respectively. The difference determined the
fixed carbon content (FC). The higher heating value (HHV) was
measured by a bomb calorimeter (IKA, C5000, USA). The surface
morphologies were analyzed by scanning electron microscopy
(SEM, Hitachi S-3000 N, Japan). Fourier-transform infrared spec-
troscopy (FTIR, Bruker, USA) was performed at 400-4000 cm .
The metal content in the solid products and solution was deter-
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mined by inductively coupled plasma-optical emission spec-
troscopy (ICP-OES, Perkin Elmer, AVIO 200, Waltham, MA, USA).
The total organic carbon (TOC) of the process water was analyzed
by a TOC analyzer (Analytik Jena, Model: multi N/C 2100 sla, Ger-
many). The inorganic composed of the raw sludge and solid prod-
ucts were analyzed by X-ray fluorescence spectroscopy (XRF,
WDXREF, Rigaku ZSX Primus, USA).

3. Results and discussion
3.1. Fuel properties of raw materials and hydrochars

The characteristics of the sludge and prepared hydrochars were
studied to investigate the changes in the relevant characteristics of
the raw materials, as shown in Table 1. The raw sludge contained
40.84% ash. After HTC treatment, the ash content of the hydrochars
rose under all HTC conditions. The temperature had no significant
effect on the increase in ash content after HTC was performed.
These results are similar to those of Hansen et al. (2022). However,
the ash content rose in proportion to the solid-to-liquid ratio at
reaction temperature 200 and 210 °C. Inorganic and organic mate-
rials can be extracted from biomass and dissolved in process water.
If the loss of organic material is greater than the loss of inorganic
material, the ash concentration will increase following the HTC
reaction (Hansen et al., 2022). This was confirmed by TOC analysis
(Supplementary Information, Figure S1), indicating that increasing
the solid-to-liquid ratio increased the TOC concentration in the
process water. The increased ash content was mainly caused by
the decomposition and transformation of organic material during
HTC, including dehydration, decarboxylation, hydrolysis, deamina-
tion, and gasification (Nanda et al., 2017). After 5 h of hydrother-
mal treatment, volatile matter (VM) was reduced by hydrolysis
(Wang et al., 2019). The solid-to-liquid ratio and reaction temper-
ature affected the yield of hydrochar. The yield of hydrochar nota-
bly decreased with increasing solid-to-liquid ratio and reaction
temperature. This was in good agreement with Xu et al. (2020).
Carbonization is greater at higher temperatures, resulting in the
production of more liquid and gaseous products and a reduced
solid yield (Tasca et al., 2019). Fixed carbon decreased when the
ratio of solid-to-liquid increased. Therefore, a moderate tempera-
ture is required to retain the maximum amount of fixed carbon
in hydrochar following the HTC of sewage sludge (Danso-Boateng
et al., 2015).

The HHV of the hydrochars is presented in Table 1. Sewage
sludge had an HHV of 11.88 MJ/kg. The HHV values of the hydro-
chars increased when compared to raw sludge after performing
HTC at a solid-to-liquid ratio of 1:1 at all reaction temperatures.
However, the HTC treatment of sewage sludge did not significantly
increase energy densification ratio. This could be explained by the
transfer of organic components into the liquid phase during HTC,
which considerably reduced the HHV (Z. X. Xu et al., 2019). A
change in the elemental composition of the solid products was
noticed. The HTC of sludge increased the carbon content from
29.75% (sludge) to 33.41% (HTC-1:1-220). Furthermore, the ele-
mental content of O and H in the products decreased dramatically
as the reaction temperature increased. For HTC-1:5-220, the O and
H content declined by 44.47% and 36.78%, respectively, compared
to the sludge feedstock. As shown in Fig. 1, the atomic H/C and
O/C ratios were plotted in a Van Krevelen diagram to illustrate
the chemical transformation of the organic material to carbon-
rich hydrochar. The H/C and O/C atomic ratios of HTC-1:x-220
declined from 1.72 and 0.47 (sludge) to around 1.35-1.41 and
0.12-0.29, respectively. Based on the reaction pathways of sludge
to hydrochar via HTC, it was observed that dehydration and car-
boxylation were involved in the HTC process (Funke and Ziegler,
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Table 1
Characteristics of sewage sludge feedstock and hydrochar produced under different conditions at a retention time of 5 h.
Sample % Yield Proximate analysis Ultimate analysis Atomic ratio HHV
VM Ash FC C H N S (0] H/C o/C
Sewage sludge 41.86 40.84 17.30 29.75 4.26 5.65 0.69 18.82 1.72 0.47 11.88
HTC-1:1-200 74.10 35.24 48.22 16.54 27.76 3.40 3.99 0.65 15.97 147 0.43 11.90
HTC-1:3-200 63.89 34.71 48.78 16.51 30.53 3.64 4.46 0.72 11.87 143 0.29 12.81
HTC-1:5-200 54.82 34.51 56.15 9.34 23.16 2.79 3.00 0.83 14.07 1.44 0.46 9.25
HTC-1:7-200 55.63 36.00 58.77 5.23 29.10 3.41 3.77 0.64 431 141 0.11 11.88
HTC-1:1-210 68.49 3343 47.79 18.78 31.94 4.08 4.86 0.70 10.63 1.53 0.25 11.42
HTC-1:3-210 57.96 30.45 54.99 14.56 25.43 2.90 3.18 0.89 12.62 1.37 0.37 11.07
HTC-1:5-210 57.27 31.12 53.99 14.89 23.66 2.75 3.00 0.85 15.75 1.39 0.50 9.41
HTC-1:7-210 56.81 29.28 58.59 12.13 28.58 3.46 3.64 0.70 5.03 145 0.13 11.44
HTC-1:1-220 62.51 34.52 50.56 14.92 33.41 3.93 4.72 0.72 6.65 141 0.15 14.18
HTC-1:3-220 56.23 29.53 59.84 10.63 24.86 2.79 3.18 0.69 8.64 1.35 0.26 10.09
HTC-1:5-220 56.34 32.04 5491 13.05 23.16 2.73 2.81 0.65 10.45 141 0.29 9.40
HTC-1:7-220 53.58 31.75 59.97 8.28 27.89 3.26 3.66 0.82 4.40 1.40 0.12 11.31
3.00
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Fig. 1. Van Krevelen diagram of the hydrochars prepared under different conditions.

2010; Smith et al., 2016), while the demethanation reaction was
negligible. The H/C and O/C atomic ratios of the solid products
were slightly higher than those of the lignite (a low-rank coal)
region, with values generally in the range of 0.8-1.3 and 0.2-
0.38, respectively (Park and Jang, 2011). Only the HTC-1:5-220
hydrochar was present in the lignite coal region. Therefore, the
co-HTC of sludge mixed with other biomass or the co-
combustion of blended hydrochars and coal enhanced the com-
bustible properties of hydrochar derived from sludge.

3.2. Fuel properties of hydrochars prepared from co-HTC

The co-HTC treatment of sludge with spent coffee grounds and
bagasse was performed to enhance the physicochemical properties
of the hydrochar. Table 2 summarizes the proximate analysis of the
feedstocks (spent coffee grounds and bagasse) and the hydrochars
obtained from co-HTC. HTC-C and HTC-B contained 53.73% and
45.92% VM, respectively, which was significantly higher than the
VM content of HTC-S. When sludge and spent coffee grounds were
co-hybridized (HTC-SC), a lower proportion of sludge increased the
FC and carbon content, while the ash content and hydrochar yield
declined (Fig. 2a). The FC content of HTC-S was 13.05%, while the
corresponding values of HTC-75%SC, HTC-50%SC, and HTC-25%SC

rose to 13.77%, 18.48%, and 26.14%, respectively. The carbon con-
tent increased from 27.33% to 55.02% when 25% sludge was mixed
with spent coffee grounds (HTC-25%SC). The HHV of the obtained
products increased from 9.40 MJ/kg (HTC-S) to 15.62, 18.36, and
22.19 M]/kg when 75%, 50%, and 25% sludge was supplemented
with spent coffee grounds, respectively (Fig. 2c). When the sludge
was combined with the agricultural waste bagasse, the fixed car-
bon content increased to 19.52%, 33.35%, and 42.53% when using
75%, 50%, and 25% sludge by weight, respectively (Fig. 2b). Addi-
tionally, the carbon content of HTC-75%SB was 35.32%, while the
carbon content of HTC-50%SB and HTC-25%SB rose to 42.42% and
53.79%, respectively. In comparison to HTC-S, the presence of
bagasse increased the HHV of hydrochar to 20.33 MJ/kg (HTC-
25%SB), as shown in Fig. 2d. Similar trends have been reported pre-
viously in the literatures (Zheng et al., 2019; X. Zhang et al., 2017;
Ma et al,, 2019; Z. X. Xu et al., 2019). To demonstrate the synergis-
tic effect of mixing sludge and biomass, the measured values of the
hydrochar properties were compared to the calculated values, as
shown in Supplementary Figs. 2 and 3. The calculated value was
determined based on an individual raw material, as described in
Equation (6). As an illustration of HTC-25%SB, the hydrochar yield
was determined by the following calculation:

Calculated value = 0.257; g, 450 + 0.75% pagqsse (6)
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Table 2
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Characteristics of spent coffee grounds and bagasse feedstock as well as hydrochars derived via co-HTC with varying amounts of solid waste over a 5-h retention period.

Spent coffee Bagasse HTC-S HTC-75% HTC-50% HTC-25% HTC-  HTC-75% HTC-50% HTC-25% HTC-
grounds (HTC-1:5- SC SC SC C SB SB SB B
220)
Ultimate analysis (wt%)
C 50.06 41.84 27.33 32.34 44.12 55.02 65.89 35.32 42.42 53.79 63.40
H 7.36 6.25 3.22 4.14 5.22 5.90 6.81 3.95 4.48 4.95 5.20
0] 37.97 48.95 10.45 13.84 11.27 10.14 20.54 10.55 18.51 23.47 28.14
N 2.32 0.43 3.44 3.51 3.90 391 3.40 3.70 341 231 0.68
S 0.19 0.16 0.65 0.65 0.37 0.25 0.18 0.50 0.39 0.33 0.08
Proximate analysis
Volatile matter (%) 74.69 70.98 32.04 40.71 46.39 49.08 53.73 3449 35.86 42.31 45.92
Fixed carbon (%) 23.21 26.65 13.05 13.77 18.48 26.14 43.08 19.52 3335 42.53 51.58
Ash (%) 2.10 2.37 54.91 45.52 35.13 24.78 3.19 45.99 30.79 15.16 2.50
Fuel ratio® 0.31 0.38 0.41 0.34 0.40 0.53 0.80 0.57 0.93 1.01 1.12
HHV (MJ/kg) 22.31 16.89 9.40 15.62 18.36 22.19 2824 14.29 17.12 20.33 24.10
Hydrochar yield (%) N/A N/A 56.34 64.64 54.42 50.10 4045 49.94 44.90 42.85 4275
Energy densification N/A N/A 0.79 1.08 1.07 1.13 1.27 1.09 1.19 1.30 1.43

ratio

Fuel ratio® = Fixed carbon/Volatile matter.
Energy densification ratio = HHV of hydrochar/HHV of feedstock.
Energy Recovery (ER) = (Yield of hydrochar*HHV of hydrochar/HHV of feedstock.

where #; g aNd Y pogasse are hydrochar yields of HTC-S or HTC-B
alone. During co-HTC, synergistic effects were observed when a
greater proportion of lignocellulosic biomass was added, which
increased the relative mass yield of the hydrochars and enhanced
their quality.

The fuel ratio was used to evaluate the usefulness of the hydro-
chars as alternative solid fuels. The results indicated that increas-
ing the fuel ratio by mixing 25 wt% sludge with both spent coffee
grounds and bagasse was feasible. The parameter correlated with
the HHV of hydrochars and feedstock is energy densification ratio.
Energy recovery is defined as the amount of energy that can be
recovered relative to the amount of energy stored in the initial sub-
strate (Ipiales et al., 2021). As depicted in Fig. 2e, the energy den-
sification ratio of HTC-SC gradually increased from 0.79 (HTC-S)
to 1.13 (HTC-25%SC) as the sludge mixing ratio with spent coffee
grounds decreased. HTC-C has the greatest energy densification
ratio of 1.27. The energy recovery considerably increased from
44.58% (HTC-S) to 63.2% (HTC-75%SC). After that, energy recovery
steadily declined. This was because increasing the amount of
sludge increased the percent yield of the hydrochar product. Con-
sidering HTC-SB (Fig. 2f), the energy densification ratio continu-
ously increased from 1.09 (HTC-75%SB) to 1.30 (HTC-25%SB) as
the sludge ratio decreased. HTC-B had the highest energy densifi-
cation ratio of 1.43. These results reveal that increasing the amount
of lignocellulosic biomass combined with sludge led to an increase
in the HHV of the hydrochar. Energy recovery slightly decreased
from 47.77% (HTC-75%SB) to 42.74% (HTC-50%SB), then remained
relatively stable. In comparison to HTC-S, the co-HTC of sludge
with spent coffee grounds and bagasse improved the HHV charac-
teristics, indicating that this material could be used as a solid fuel
alternative.

As illustrated in Fig. 3, the H/C and O/C ratios of co-HTC
decreased in comparison to the raw materials. The co-HTC process
caused the H/C and O/C atomic ratios of HTC-SC and HTC-SB from
the biomass stage (feedstocks) to be closer to those of lignite coal.
Notably, the hydrochars derived from all sludge mixtures with
bagasse were located in the lignite region. In contrast, only HTC-
C hydrothermally treated with spent coffee grounds resembled lig-
nite coal. During hydrothermal treatment, co-HTC promoted dehy-
dration and decarboxylation reactions (Smith and Ross, 2016). Low
H/C and O/C atomic ratios are considered to be beneficial for solid
fuels due to the reduced energy loss and smoke produced during
the combustion process (Kambo and Dutta, 2014). Therefore, the

addition of spent coffee grounds and bagasse to the sludge signif-
icantly improved the HTC product characteristics.

3.3. Migration and transformation behavior of inorganic substances
and metals

The inorganic composition of the sludge feedstock and hydro-
char produced under the HTC-1:5-220 condition is shown in Sup-
plementary Fig. 4. CaO was the most prevalent compound in the
feedstock, followed by SiO,. After the HTC process, the CaO content
decreased and SiO, became a major element of the solid product.
As illustrated in Fig. 4b, inorganics were extracted from the bio-
mass and leached into the process water during the HTC reaction.
High concentrations of Ca and K were observed in the process
water, explaining the lower CaO content in the hydrochar. The total
heavy metal content in the HTC-S, HTC-50%SC, and HTC-50%SB
hydrochars is shown in Fig. 4a. According to the results, the overall
heavy metal concentration of the sludge varied substantially, with
values in the order of Pb, Cd, Hg, Ni, and As. The leached metal con-
centrations in the process water of the HTC reaction are displayed
in Fig. 4b. This result indicates that all heavy metals were effi-
ciently accumulated in the hydrochars produced using the HTC
method (Fig. 4c), which is consistent with Liu et al. (2018). This
may be due to the destruction of extracellular matrix components,
leading to the dissociation of HMs with weaker bonds (Shi et al.,
2013; Wang et al., 2016). In terms of heavy metal leaching toxicity,
the highest concentrations of Hg in the process water were found
in HTC-S and HTC-50%SC, with concentrations of 0.30 and
0.28 mg/L, respectively. The leached concentrations of all heavy
metals (Hg, Pd, Cd, Cd, and As) were lower than the permissible
limits established by the industrial wastewater standard of the
United States Environmental Protection Agency (EPA) except the
Hg concentrations in HTC-S and HTC-50%SC, which was slightly
higher than the EPA industrial wastewater standard (Supplemen-
tary Table 1).

3.4. Surface properties of raw materials and hydrochars

The FTIR spectra of the raw materials and hydrochars are shown
in Fig. 5a, demonstrating the changes in organic functional groups
during HTC at various solid-to-liquid ratios. The FTIR spectra of the
hydrochars generated under various conditions showed no dis-
cernible changes. Compared to raw sludge, the main peaks of the
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and (f) energy densification ratio and recovery.

hydrochar spectra had stronger intensities, including peaks at 2930
and 2850 cm ™! attributed to the stretching vibration of -CH, (Z. X.
Xu et al.,, 2019), a peak at 1650 cm~! attributed to the stretching
vibration of -C = N in amide groups (Zhang et al., 2020), a peak
at 1540 cm™! attributed to the asymmetric stretching of -C = O
in carboxylic groups (Areeprasert et al., 2014), a peak at
1430 cm™! attributed to -CH, aliphatic compounds such as -CH,
and -CHs, and a peak at 875 cm ™! attributed to CaCOs. The charac-
teristic peak at 1080 cm~' was significantly different in the sludge
and hydrochar spectra, and this peak was ascribed to -C-O-R
stretching in ethers. This peak indicated that the degree of car-
bonization was increased, facilitating the formation of OH in the
carbonic ring (Z.-X. Xu et al., 2019a). Another possibility for the
higher amount of ash produced during HTC is the occurrence of -
Si-O stretching.

The FTIR spectra of HTC-SC and HTC-SB are shown in Fig. 5b-c.
Between 3600 and 3200 cm™!, a broad band assigned to the ~-OH

vibration in hydroxyl and carboxyl groups was observed in these
spectra. This distinctive band was attributed to the cellulose in
the spent coffee grounds and bagasse. The FTIR spectrum of HTC-
SC showed a peak at 1745 cm ™! that was assigned to C = O stretch-
ing. This peak was detected with a strong intensity in the spent cof-
fee grounds feedstock spectrum but not the HTC-25%SC and HTC-
50%SC spectra. This was due to the decarboxylation reaction and
the conversion of some carbon compounds to CO, (Kim et al.,
2017). The peak at 1580 cm™~! may have been formed by alkanes
following the HTC reaction (Liu et al.,, 2017). The peaks at 1160
and 1030 cm~! were detected in the spent coffee grounds feed-
stock, but they vanished following co-HTC. These peaks were
ascribed to C-O-C stretching. After co-HTC treatment, the peak
intensities at 2930 and 2850 cm~! assigned to C-H stretching band
became weaker. Therefore, structural changes occurred during the
hydrothermal reaction. In addition, the higher sludge content in
HTC-SC and HTC-SB caused an intense signal at 1080 cm™~!, which
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was ascribed to the Si-O-Si vibrations obtained from sludge. The
spent coffee grounds and bagasse ash content (Table 2) show that
the feedstock contained a small amount of ash, so there was no
absorption peak at this location. As shown in Fig. 5c, a peak at
1720 cm~! was identified as C = O (J. Zhang et al., 2017). In the FTIR
spectra of HTC-B and HTC-75%SB, this peak was more intense than
that of the bagasse feedstock spectrum. Following the HTC reac-
tion, the peak at 1580 cm™! was more intense in the HTC-B and
HTC-75%SB spectra. This peak was caused by alkanes generated
during the HTC reaction (Liu et al., 2017). The peak at 1240 cm™!
was assigned to C-O-C stretching. This peak was found in the feed-
stock spectra but not the HTC product spectra. This was due to the
deoxygenation reactions of the biomass during HTC (Melo et al.,
2017). The peak at 1030 cm™!, indicating the C-O bond of primary

hydroxyl, was observed in the bagasse feedstock spectrum. The
intensity of this peak declined after co-HTC because the C-O bond
was likely broken due to decarboxylation reactions (Kim et al.,
2017). The absorption peak at 1455 cm™! corresponded to aro-
matic C = C stretching. This peak became more prominent follow-
ing HTC, indicating a greater degree of carbonization in the
samples. This indicates that aromatization (dehydrogenation,
demethanation, and decarbonylation) increases the intensity of
all solid products (Song et al., 2019; Z. X. Xu et al., 2019). In conclu-
sion, HTC is suitable for removing volatile aliphatic substances,
oxygen functional groups, and minerals.

SEM images of the as-synthesized hydrochars prepared from
sludge and sludge blended with spent coffee grounds and bagasse
are shown in Fig. 6. The sludge feedstock had a non-uniform parti-
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cle size ranging from 49.0 to 67.5 pum. The morphology of the
sludge considerably changed after HTC, transforming into a porous
structure via dehydration and decarboxylation reactions with a
particle size of around 4.78-20.50 pm (Fig. 6b) (He et al., 2013).
The HTC-50%SC and HTC-50%SB samples had a spherical shape
(Fig. 6¢c and d). This result was in good agreement with Xu et al.
(2018), who reported hydrochar products with a spherical mor-
phology derived from the HTC of hydroxypropyl methyl cellulose.
The carbon microspheres were generated by the polymerization

Arabian Journal of Chemistry 16 (2023) 105315

of products formed via the hydrolysis of lignocellulosic materials
(Sevilla and Fuertes, 2009; Wu et al.,, 2016).

3.5. Combustion behavior and thermal characteristics of as-
synthesized products

TGA-DTG characterization was carried out to investigate the
combustion properties of the feedstock and hydrochars. The TGA
and DTG curves of sludge, HTC-S, HTC-50%SC, and HTC-50%SB are
shown in Fig. 7. The DTG curves revealed four stages in the decom-
position of these solid materials in an air atmosphere, including a
dehydration stage, devolatilization and combustion stage, char
combustion stage, and thermal decomposition of minerals and
other inorganic compounds stage (Li et al., 2020). The tempera-
tures associated with these stages are shown in Table 3. For the
sludge feedstock, significant weight loss was observed in the
devolatilization and combustion of volatile matter stage (230-
330 °C) due to the high VM content of the sludge. Compared to char
combustion, devolatilization of biomass typically occurs at rela-
tively lower temperatures (Xu and Sheng, 2012). 26.3% weight loss
was achieved at this stage, which was significantly higher than the
16.2% weight loss experienced by HTC-S (Fig. 7b). This was because
some micromolecular volatile matter was dissolved during HTC
(Supplementary Fig. 1), resulting in lower VM content in the
hydrochar product. After HTC treatment, the hydrochar did not sig-
nificantly change in the transition period between the devolatiliza-
tion and combustion stage and the char combustion stage. This
was because the hydrochar had low FC content. The compensatory
impact of FC and VM caused the VM and char combustion stages of
the co-HTC products to become distinct. FC increased from 13.05%
for HTC-S to 18.48% and 33.35% for HTC-50%SC and HTC-50%SB,
respectively. This result was comparable to that of hydrothermally
treated sewage sludge reported by He et al. (2013), in which an
increase in FC content was associated with an intense peak in
the DTG char stage. The weight loss rate of a mixture of biomass
with sludge was greater than that of HTC-S, indicating that a larger
amount of fixed carbon is generated during the combustion of char
stage (He et al., 2019). Normally, the increasing amount of oxida-
tive carbon during the char combustion stage can yield a high con-
tent of fixed carbon, resulting in a high degree of thermal stability
(Lu et al., 2020).

Table 3 displays the characteristic temperatures of the temper-
atures. The ignition temperature (T;) is an essential factor for min-
imizing fire and explosion risk. When using hydrochar as a fuel, T;
slightly increased relative to sludge (from 237 to 255 °C) after
hydrothermal treatment. As shown in Table 2, the hydrochar had
lower VM content after treatment, resulting in a higher ignition
temperature. This implied a higher difficulty of ignition. However,
T; did not exceed 20 °C. This was potentially due to the high ash
content of the hydrochar (HTC-S), especially Ca and K (Fig. 4a),
which can have a substantial catalytic influence on combustion
reactivity. Xu and Sheng (2012) investigated the effect of inorganic
matter in solid fuel products and found that Ca and K had a signif-
icant catalytic effect on devolatilization. The ignition temperatures
of the HTC-50%SC and HTC-50%SB samples increased to 263 and
288 °C, respectively. This was due to the lower ash in hydrochars
had a significant catalytic effect on the combustion reactivity (He
etal,, 2019; Kanti et al., 2020; Kanti et al., 2021). A high T; indicated
a lower fire and explosion risk (He et al., 2013). Therefore, the
hydrochar derived from the co-HTC of spent coffee grounds and
bagasse with sludge had improved efficacy in terms of safe han-
dling, storage, and transport. However, the combustibility index S
of HTC-50%SC and HTC-50%SB was less than that of sludge. A lower
Ti contributed to the higher S index of sludge. This indicated that
co-HTC hydrochar burned less violently, which contributed to its
stable combustion in the furnace (Li et al., 2020). Moreover, the
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Fig. 6. SEM images at 1.0 k and 5.0 k of (a) sludge, (b) HTC-S, (c) HTC-50%SC, and (d) HTC-50%SB.
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Fig. 7. Thermal analysis (TGA/DTG) of (a) raw sewage sludge and the obtained hydrochars: (b) HTC-S, (¢) HTC-50%SC, and (d) HTC-50%SB.

Ty, and Ty, values increased after co-HTC, implying that the com-
bination of lignocellulosic biomass resulted in hydrochars with a
more stable chemical structure and greater thermostability. In con-
clusion, the combustion behavior of the hydrochar obtained from
sludge was unsatisfactory. However, performing co-HTC using
sludge blended with lignocellulosic biomass can feasibly address
the shortcomings of the sludge-only hydrochar. At any mixing
ratio, a relatively low level of ash and a high level of fixed carbon
were achieved.

The co-combustion behavior of commercial coal blended with
various proportions of HTC-S was studied, as shown in Fig. 8 and
Table 3. The commercial coal had a high amount of fixed carbon,
requiring greater activation energy. Adding HTC-S to coal lowered

the ignition temperature from 501 °C (coal) to 258 °C (50%HTC-S/
coal). This was caused by the higher content of high-volatile com-
pounds in the HTC-S (Muthuraman et al., 2010). Additionally, the
addition of hydrochar increased the S index. 10%HTC-S/coal exhib-
ited the highest S index (Li et al., 2020).

3.6. Combustion kinetics analysis

The activation energy (E) and pre-exponential factor (A) were
calculated using the Coat & Redfern model, as reported in Equation
(5). These parameters are regarded as the two most important
kinetic parameters for the combustion reaction analysis of sludge
and hydrochars. Using linear regression based on the Coat & Red-
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Table 3
Combustion parameters of raw sludge, bio-coal, hydrochars, and hydrochar-biocoal co-combustion.
Devolatilization and combustion-stage D Char combustion-stage C Characteristic temperatures S index*108
Ti (Oc) Tm (OC) Tb (OC) DTGmax DTGmean
Sludge 230-330 330-430 237 266 480 —2.68 —0.49 4.9
HTC-S 220-320 345-450 255 374 417 —-2.40 -0.57 5.0
HTC-50%SC 165-360 380-535 263 437 495 -75.0 —0.02 5.3
HTC-50%SB 250-350 375-550 288 432 517 -63.0 —0.02 3.2
Coal - 445-648 431 634 646 —44.60 -1.38 51.4
10%HTC-S/coal - 464-630 293 600 626 —41.50 -1.29 102.0
30%HTC-S/coal 251-443 443-650 290 573 640 -32.73 -1.15 68.7
50%HTC-S/coal 239-457 457-656 285 630 630 -27.93 -0.95 50.6
T; = ignition temperature.
Ty, = burnout temperature.
Tm = temperature at maximum mass loss rate.
DTGmax = maximum mass loss rate.
DTG ean = mean combustion rate.
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Fig. 8. TGA and DTG curves of the co-combustion of (a) coal, (b) 10% HTC-S/coal, (c) 30% HTC-S/coal, and (d) 50% HTC-S/coal blends.
Table 4
Activation energies of solid products.
Activation energy (kJ/mol)
VM stage R? A Char stage R? A
S 31.82 0.99 75.61 10.44 0.96 7.40
HTC-S 43.97 0.97 599.31 31.19 0.96 44.16
HTC-50%SC 20.11 0.99 2.81 38.04 0.99 163.25
HTC-50%SB 10.90 0.98 0.28 42.20 0.99 183.47

fern equation, data from various combustion stages were used to
determine the kinetic parameters. According to Table 4, the E
and A values of HTC-50%SC and HTC-50%SB during the devolatiliza-
tion combustion stage were relatively low compared to those of
raw sludge and HTC-S. The E and A values of HTC-50%SC were
20.11 kJ/mol and 2.81, while those of HTC-50%SB were 10.90 k]/mol
and 0.28, respectively. This implies that the co-HTC products may
be more combustible than HTC-S, which is consistent with their

10

VM content. For the char combustion stage, the sludge feedstock
had the lowest E and A values of 10.44 kJ/mol and 7.40, respec-
tively. This was potentially due to the lower concentration of fixed
carbon (Peng et al., 2016). The E values of the co-HTC products in
the char stage (38.04 kJ/mol for HTC-50 % SC and 42.20 kJ/mol
for HTC-50 % SB) were greater than that of HTC-S. Meanwhile,
the A values for the char stage rose from 44.16 (HTC-S) to 163.25
(HTC-50%SC) and 183.47 (HTC-50%SB). This demonstrates that
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Table 5
Activation energies of the co-combustion of coal blended with HTC-S.
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Activation energy (kJ/mol)

VM stage R? A Char stage R? A
Coal N/A N/A N/A 138.18 0.91 1.97 x 108
10%HTC-S/coal N/A N/A N/A 157.84 0.95 3.87 x 10°
30%HTC-S/coal 8.81 0.99 0.12 108.95 0.96 2.07 x 10°
50%HTC-S/coal 2.66 0.99 0.03 462.48 0.96 7.13 x 10°°

the combustion of hydrochars derived through co-HTC is expected
to exhibit greater stability and longevity compared to the combus-
tion of hydrochars produced individually. It can be attributed to
the decomposition of VM and the improved conversion of VM into
FC during the co-HTC process (He et al., 2019).

The E and A values of commercial coal blended with HTC-S were
also analyzed. The activation energy values corresponding to the
stages of volatile and char combustion weight loss are summarized
in Table 5. Weight loss occurred in a single char combustion stage
during the combustion of coal. The low VM content of 10%HTC-S/
coal meant that the activation energy was not able to be calculated
during the VM stage. The reactivity of the 10%¥HTC-S blended with
coal was found to be comparable to that of coal. This outcome was
consistent with the results of Muthuraman et al. (2010). For 30%
and 50%HTC-S/coal, two distinct regions were observed. The E val-
ues in the VM stage of 30% and 50%-HTC-S were significantly dif-
ferent from that of HTC-S, indicating that HTC-S interacted with
coal during combustion. However, the E value of 50%HTC-coal in
the char stage was much higher compared to that of coal. This indi-
cates the limitations of blending hydrochar with coal in an excess
proportion.

This work demonstrates that the hydrochars derived from co-
HTC exhibited stable and durable combustion in comparison to
the hydrochar derived from individual sludge materials. The higher
E values of the char stage of the co-HTC hydrochars were greater
than that of HTC-S, indicating that the fixed carbon in the co-
HTC products was more stable (Zheng et al., 2019). The co-
combustion behavior of hydrothermally treated sludge blended
with commercial coal demonstrates that an appropriate mixing
ratio (30%HTC-S blend) improves the devolatilization properties
of coal. The ignition temperature gradually decreases with increas-
ing HTC-S content. Therefore, the volatile matter removed from
hydrothermally treated sludge is burned, releasing sufficient
energy to lower the ignition temperature of the coal.

4. Conclusion

A facile co-hydrothermal carbonization of metal oxide-rich
sewage sludge and spent coffee grounds or bagasse was proposed
as a sustainable method to produce biocoal-like solid fuel. The
addition of spent coffee grounds and bagasse could enhance the
fuel properties of the solid products, remarkably increasing fixed
carbon content, combustion reactivity, and high heating value
(HHV) along with a low ash content. Moreover, the co-
combustion of hydrochar and coal could also improve the
devolatilization properties and ignition of coal. This strategy indi-
cated that co-HTC sewage sludge combined with spent coffee
grounds or bagasse is highly suitable for producing an alternative
solid fuel. It is a prospective approach to increase the value-
added of sewage sludge feedstock for bicoal production in the
future.
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