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rosity, and polarity than raw SS feed-
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The treatment of sewage sludge (SS) is an environmental problemworldwide. In recent years, hydrothermal car-
bonization (HTC) of SS for hydrochar (HC) has attracted extensive attention. This study preliminarily explored
the microwave-assisted HTC of SS for the first time. Increasing the reaction temperature (150–250 °C) and reac-
tion time (0–120 min) resulted in a decrease in the HC yield, and it gradually increased with the rising solid–
liquid ratio (0.03–0.25 g/mL). Compared with raw SS, the HC products possessed higher aromaticity, carboniza-
tion degree, porosity, and polarity, and lower content of soluble nutrients (N/P/K) and leachable heavy metals
(Cu, Zn, Pb, Cd, Cr, and Ni), indicating a lower risk of nutrient and heavy metal loss. Attention should be paid
to the total contents of Zn and Cd in HC exceeded the permitted value for use in cultivated land with edible
crops. The use of CaO as a catalyst improved the yield of HC, made the HC and process water (PW) weakly alka-
line, and further passivated the heavy metals in the HC. In the case of H3PO4, although the conversion of SS was
enhanced (lower content of volatile organic matter in HC), the contents of soluble nutrients (N/P/K) in HC/PW
increased, and the migration of Zn and Cd into process water was enhanced. The HCs obtained in this study
had poor combustion properties, but higher ignition temperatures than raw SS. PW must be properly treated
or recycled because it still contained high contents of organic matter and nutrients. This fundamental study pro-
vides basic insights into the microwave-assisted HTC of SS.
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1. Introduction

Sewage sludge (SS), the main byproduct of municipal wastewater
treatment plants (MWTPs), is produced in large amounts (Fu et al.,
2021; Huang et al., 2017). The total estimated amount of SS generated
in the European Union was 10.0 million tons (dry solids) in
2003–2006, and is expected to exceed 13.0 million by 2020 (Tarpani
et al., 2020). According to the official statistics released by the Ministry
of Housing and Urban-rural Development of China, in 2018, the number
of MWTPs in China reached 2321, and the sewage treatment capacity
reached 168.8 million m3/d. As a result, 11.8 million tons of dry SS
were produced in China in 2018 (MOHURD of China, 2020). On the
one hand, considering that SS contains much organic matter and rich
nutrients, it is regarded as a potential resource. On the other hand, be-
cause of the many pathogens in SS and the accumulation of a certain
amount of organic or inorganic pollutants, such as heavymetals, polycy-
clic aromatic hydrocarbons (PAHs), and polychlorinated biphenyls
(PCBs), SS is also regarded as an environmental pollutant and requires
proper treatment or disposal (Huang and Yuan, 2016; Xiao et al., 2020).

The prevalent SS disposalmethodsmainly include agricultural appli-
cation to land, incineration, construction and building materials, and
landfilling (Chang et al., 2020; Gao et al., 2020). However, these options
are facing increasing challenges due to stringent environmental emis-
sion requirements and land restrictions (Manara and Zabaniotou,
2012). In recent years, thermochemical treatment of SS has beenwidely
investigated in studies owing to resource recovery and utilization
considerations; some examples of thermochemical treatment methods
include pyrolysis, gasification, combustion, liquefaction, and hydrother-
mal carbonization (HTC) (Chanaka Udayanga et al., 2018; Huang and
Yuan, 2015; Syed-Hassan et al., 2017). Thermochemical treatment pro-
cesses generally require more complex equipment and procedures, but
in general, they have higher efficiency, more evident volume reduction,
and better economic performance (Gao et al., 2020). HTC is a promising
thermochemical treatment forwet organic solidwastes (no prior drying
is required) and is usually performed in water at relatively low temper-
atures (180–250 °C) and saturated pressures (2–10 MPa) with reaction
time ranging from minutes to hours (Hämäläinen et al., 2021; Shen,
2020). After HTC treatment, the volume of SS is substantially reduced
because of the enhancement of the dewaterability of SS. Meanwhile,
SS is converted into high value-added products, that is, hydrochars
(HCs), which have been widely applied in energy production, water re-
mediation, soil amendment, and carbon sequestration (Tasca et al.,
2019; Wang et al., 2019a).

Previous studies have primarily investigated six aspects regarding
the HTC of SS: (i) the main process parameters, e.g., moisture content,
temperature, residue time, catalyst, and heating rate, on the yield and
properties of SS-derived hydrochar (Aragón-Briceño et al., 2020; Gaur
et al., 2020; Yu et al., 2018; Zhang et al., 2021a). Reaction temperature
is the most critical parameter affecting the reaction mechanism and
product characteristics; (ii) the application of SS-derived HC in the pu-
rification of water pollutants, energy production, carbon sequestration,
and soil improvement/remediation (Chu et al., 2020; Chung et al.,
2017; Liu et al., 2021a; Ren et al., 2017; Tasca et al., 2020). The high
ash content of SS-derived HC may be the main limiting factor for its
use as an energy source and functional material; (iii) the fate and distri-
bution of nutrients, PAHs, and heavy metals during the HTC of SS
(Huang et al., 2018; Liu et al., 2018; Liu et al., 2021b; Wang et al.,
2019b; Zhai et al., 2016; Zhang et al., 2018). HTC treatment has a certain
degradation or passivation effect on pollutants and can effectively re-
cover nutrient elements, especially phosphorus; (iv) the col-HTC of SS
with fruit, agricultural and forestry wastes (He et al., 2019; Zhang
et al., 2020a; Zhang et al., 2017). There is a synergistic effect between
SS and other wastes to improve the efficiency of the entire HTC process;
(v) the association of the HTC of SS with other processes (gasification,
pyrolysis, and anaerobic digestion) (Gaur et al., 2020; Paneque et al.,
2017; Wang et al., 2020d; Zheng et al., 2021). HTC can be used as an
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efficient pretreatment technology for SS, which can effectively improve
the efficiency of the subsequent treatment process; (vi) the comparison
of the properties of SS-derived HC and SS-derived char produced by
other processes (pyrolysis and gasification) or HC obtained from ligno-
cellulosic biomass (Wang et al., 2021; Wilk et al., 2019; Zhang et al.,
2021b). SS-derived HC shows some unique characteristics mainly
caused by differences in the treatment process or material.

In recent years, microwave-assisted HTC of various types of bio-
masses has attracted extensive attention from researchers (Arpia
et al., 2021; Nizamuddin et al., 2018; Sharma et al., 2020). Compared
with traditional HTC (superficial/contact heating), microwave-assisted
HTC (volumetric/non-content heating) often shows higher process effi-
ciency (e.g., lower reaction time and energy consumption) and im-
proved product yield and quality (Sharma et al., 2020). Microwave-
assisted HTC has been applied to the treatment of lignocellulose
(Elaigwu and Greenway, 2016; Kang et al., 2019; Knappe et al., 2018;
Liu et al., 2021c; Shao et al., 2020), algae (Bach et al., 2017; Biller et al.,
2013; Cao et al., 2019; Gan et al., 2020; Yu et al., 2020a), and livestock
manure (Gao et al., 2018; Wang et al., 2020a). However, according to
our review of the literature, research on the microwave-assisted HTC
of SS has not been conducted. Because of differences in structure and
composition between SS and the aforementioned biomass, further re-
search on the microwave-assisted HTC of SS is particularly relevant
and important.

CaO is usually used to improve acid soil; thus, the recovery and tox-
icity of CaO need not to be considered. CaO has been certified as a satis-
factory catalyst in the HCT of swine manure (Lang et al., 2019b). H3PO4

has been shown to enhance the properties of HC obtained from the HTC
of lignocellulose (rice straw, corn stover, and rape stalk) (Liu et al.,
2021c). In this study, the microwave-assisted HTC of SS was systemati-
cally explored for the first time. First, the effects of themain process pa-
rameters (i.e., reaction temperature, reaction time, solid-liquid ratio,
and catalyst [CaO and H3PO4]) on the yield of HC were investigated;
next, the basic physicochemical properties of HC and process water
(PW) were determined. This study aimed to provide a preliminary un-
derstanding of the microwave-assisted HTC of SS, namely, the selection
of process parameters and the application potential of process products.

2. Materials and methods

2.1. Materials

The SS samplewas obtained fromamunicipalwastewater treatment
plant located in Nanchang City, Jiangxi Province, China. The moisture
content of the original surplus sludge was about 99.2%, and after treat-
ment in the sludge concentration tank, the water content was reduced
to approximately 94.0%. The belt dehydratorwas then used formechan-
ical dehydration, and the water content was reduced to approximately
77.0%. The SS after mechanical dewatering was collected as the experi-
mental samples. The SS samples were firstly air-dried under natural
conditions. To improve the control of the moisture content in the of
HTC process, the SS samples was further placed in an oven and dried
at 105 °C for 12 h. Finally, the dried SS was crushed using a pulverizer,
and the powder under 40 mesh was collected, placed in a self-sealing
bag, and stored in a dryer for subsequent use. Ultra-pure water was
used as the solvent in the microwave-assisted HTC of SS, and the two
catalysts (calciumoxide and phosphoric acid)were analytically pure re-
agents. Calciumoxide (purity 99.9%) and phosphoric acid (purity higher
than 85.0%) were purchased from Shenzhen Xilong Science Co., Ltd. and
Shanghai Aladdin Biochemical Technology Co., Ltd., respectively.

2.2. Microwave-assisted HTC of SS

Microwave-assisted HTC experiments were performed using a mi-
crowave hydrothermal synthesis instrument (XH-8000Plus), designed
and manufactured by Beijing Xianghu Technology Co., Ltd. (China).
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Thedesigned reaction temperature and pressure of the equipmentwere
260 °C and 6MPa, respectively. Themain procedures of themicrowave-
assisted HTC experiment were as follows: (i) according to the set solid–
liquid ratio (R, 0.03–0.25 g/mL), a certain amount of SS was mixed with
an appropriate amount of water, and the catalyst (if necessary, CaO
[0–10 wt%] or H3PO4 [0–0.6 mol/L]) was added. The pH values of the
reaction medium with and without the catalyst are shown in Table S1.
After fully mixing, the mixture was transferred into a 100 mL
microwave reaction kettle; (ii) the microwave reaction kettle was
then sealed and transferred to a microwave hydrothermal synthesizer,
and the pipeline was connected; (iii) the reaction kettle was heated
up to the set reaction temperature (T, 150–250 °C), which was main-
tained for a certain reaction time (t, 0–120 min). During the reaction
process, the reactants in the reaction kettle were stirred at 320 rpm.
(iv) after the reaction was complete, a built-in fan was automatically
turned on in order to cool the reaction kettle quickly.When the reaction
kettle was cooled to room temperature, the reaction kettle was opened
and the solid-liquid mixture was collected and separated using a vac-
uum filtration device.

The solid product, HC, was transferred to an oven and dried at 105 °C
for 12 h, and thenweighed to calculate its yield. After drying, theHCwas
placed in a self-sealing bag and stored in a dryer. The liquid product, PW,
was transferred to a special plastic bottle and stored in a refrigerator for
further analysis. The yield of HC (Y1, wt%) was determined according to
Eq. (1).

Y1 ¼ mHC

mSS þmcatalyst
� 100 ð1Þ

where mHC, mSS, and mcatalyst are the mass (g) of the HC, raw SS feed-
stock, and catalyst, respectively.

2.3. Chemical analysis of raw SS and HC

The pH and electrical conductivity (EC) of raw SS and HC were de-
fined as the corresponding values of their respective leaching solutions
at a solid/liquid ratio of 1:10 (g/mL), which were measured using a pH
meter (HS-3C, INESA, China) and a conductivity meter (DDS-11A,
INESA, China), respectively (Wanget al., 2020b). The contents of volatile
organicmatter (VOM) and ash in raw SS andHCwere determined using
amuffle furnace (SX2-2.5-10NP, Yiheng, China) according to previously
reportedmethods (Pan et al., 2018). The difference between the 100 wt
% and the total contents of VOM and ash (wt%) was defined as the con-
tent of fixed carbon (FC, wt%). The elemental compositions (C, H, and N,
referring to the total content) of raw SS and HC were analyzed by an el-
emental analyzer (EL III, Elementar, Germany). A modified Dulong for-
mula was applied to evaluate the caloric value (CV, MJ/kg) of raw SS
and HCs (higher heating value), which is given in Eq. (2) (Hosokai
et al., 2016; Huang et al., 2019).

CV ¼ 0:382� C þ 0:849� H−
O
8

� �
ð2Þ

where C, H, and O are the percentages of carbon, hydrogen, and oxygen
in the raw SS feedstock and HC, respectively (wt%).

Combustion experiments are a commonly used method to evaluate
the combustion performance of a material, which can be realized by
analyzing the thermochemical behavior of the material in the air
atmosphere by using a thermogravimetric analyzer. Combustion exper-
iments have been widely used to test the combustion performance of
various HCs from livestock manure, lignocellulose, and SS (Lang et al.,
2019c; Peng et al., 2016; Zhang et al., 2021c). In this study, a thermogra-
vimetric analyzer (Discovery TGA55, TA Instruments-Waters, USA) was
used to perform the combustion experiments of raw SS or HC.
Approximately 10 mg of raw SS or HC was loaded into a platinum
plate, whichwas then heated from 30 °C to 900 °C at a constant heating
rate of 20 °C/min. During the combustion process, pure air was
3

introduced at a constant flow rate of 100mL/min. According to the ther-
mogravimetric (TG) and differential thermogravimetric (DTG) curves,
four combustion parameters could be obtained, including the ignition
temperature (Ti), burnout temperature (Tb), maximum weight loss
rate (DTG max), and mass residue (Rm). Ti was determined by using an
extrapolation method based on the TG/DTG curves (Zhang et al.,
2013). Tb was defined as the starting temperature when the weight
loss rate was less than 1 wt%/min (Peng et al., 2016).

The comprehensive combustion index (CCI) and combustion stabil-
ity index (CSI) were calculated using Eqs. (3) and (4) (Lang et al.,
2019a).

CCI ¼ DTGmax � DTGmean

T2
i � Tb

ð3Þ

CSI ¼ DTGmax

Ti � Tm
� 8:5875� 107 ð4Þ

where DTGmean is the average weight loss rate, and Tm is the
temperature corresponding to DTG max.

The surfacemorphologies of the rawSS andHCswere determined by
a scanning electron microscopy (Regulus 8100, Hitachi, Japan). A spe-
cific surface and porosity tester (JW-BK132F, JWGB, China) was used
to detect the specific surface area, pore size, and pore volume of the
HCs using the gas adsorptive method (N2 adsorption-desorption iso-
therms). The total contents of heavy metals (Cu, Zn, Pb, Cd, Cr, and Ni)
in raw SS and HCs were analyzed according to themixed-acid digestion
method (HNO3–H2O2 (30%)–HClO4). Detailed digestion procedures
have been described in the literature (Pan et al., 2019; Yang et al.,
2017; Yuan et al., 2011). The leachable toxicity of the aforementioned
six heavy metals was assessed according to the extraction procedure
for leaching toxicity in solid waste using H2SO4–HNO3 as an extractant
(Wang et al., 2020a). An inductively coupled plasma emission
spectrometer (NexION 1000, PerkinElmer, USA) was used to detect
the concentrations of the heavy metals in the corresponding
digestion/extraction solution.

The contents of total phosphorus (TP) in the raw SS and HCs were
determined in the light of theMo\\Sb anti spectrophotometric method
(CJ/T 221–2005). For obtaining the TP concentrations, raw SS and HCs
were melted with NaOH (heating to 400 °C and holding for 15 min
and then further heating to 650 °C andholding for 15min). The contents
of total potassium (TK) in the raw SS and HCs were also detected using
an inductively coupled plasma emission spectrometer (NexION 1000,
PerkinElmer, USA) after initially digesting the raw SS and HCs with
HNO3–H2O2 (30%)–HCl (CJ/T 221–2005). NaHCO3 (0.5 mol/L, pH =
8.5, oscillating at 180 r/min for 30 min at room temperature [25 °C])
and NH4OAC (1.0 mol/L, natural, oscillating at 180 r/min for 30 min at
room temperature [25 °C]) were used as extractants for detecting
soluble phosphorus (SP) and soluble potassium (SK), respectively. The
concentration of SP in the extraction solution was detected by the
same method used for TP, and the content of SK was determined
using a flame photometer (FP 640, AOPU, China) (HJ 704–2014; NY/T
889–2004). The content of soluble nitrogen (SN) in raw SS and HCs
was determined by the method of alkali hydrolysis diffusion (1.0 mol/
L NaOH, 40 °C for 24 h) (Bao, 2000).

2.4. Chemical analysis of PW

The K2Cr2O7 oxidation method was applied to analyze the organic
matter content in PW in the form of chemical oxygen demand (COD).
The pH and EC of the PW were measured using a pH meter (PHS-3C,
INESA, China) and a conductivity meter (DDS-11A, INESA, China), re-
spectively. The content of NH4

+-N in the PW was analyzed by the
method of Nash's reagent colorimetry (HJ 535–2009). The concentra-
tions of soluble phosphorus/potassium in the PWwere directly detected
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by the Mo\\Sb anti spectrophotometric method and a flame photome-
ter (FP 640, AOPU, China), respectively.

2.5. Statistical analysis of data

EachHTC experimentwas conducted twice. The yield ofHCwas an av-
erage of the two experiments.When the deviationwas above 5% between
the two datasets, the experiment was repeated. The pH, EC, elemental,
proximate, and nutrient compositions of HC and PW were also tested
twice according to the general or standard test methods, and the corre-
sponding average values were used. Other analyses, including specific
surface analysis, thermogravimetric analysis, environmental scanning
electron microscope analysis, and heavy metal content detection, were
entrusted to a professional institution with official inspection and testing
qualifications (Center of Analysis and Testing, Nanchang University),
which can ensure the accuracy of inspection and test results.

3. Results and discussions

3.1. Influence of reaction temperature (T)

The effect of reaction temperature (T, 150–250 °C) on the formation
of HC was explored during the microwave–assisted HTC of SS with a
fixed reaction time (30 min) and solid–liquid ratio (0.03 g/mL) in the
absence of any catalyst. As shown in Fig. 1(a), the yield of hydrochar
continuously decreased with an increase in reaction temperature. The
decrease was particularly evident for temperatures below 190 °C (by
11.84wt%) and thenweakened (only by 4.67wt% at temperatures rang-
ing from 190 °C to 250 °C). During the conventional HTC of SS, it was
also found that increasing the reaction temperature resulted in a grad-
ual decrease in the HC yield (Peng et al., 2016; Xu and Jiang, 2017). A
similar phenomenon was also observed during the microwave-
assisted HTC of corm stalk, pig feces, and red seaweed (Cao et al.,
2019; Kang et al., 2019; Wang et al., 2020a). The key role of the reaction
temperature was to provide sufficient heat to decompose organic macro-
molecules for the fragmentation and recombination of highly active
chemical bonds. Therefore, hydrothermal reactions would become more
active at higher temperatures, greatly accelerating the degradation and
polymerization rate of SS compounds (Wang et al., 2019a). Particularly,
the increase in reaction temperature promoted the decomposition and
hydrolysis of macromolecular organic matter, as well as the hydrolysis
of inorganic solid matter. Therefore, the content of VOM in HC gradually
decreased with the increase in reaction temperature, and the EC of PW
continuously increased from 0.89 ms/cm to 2.66 ms/cm (Fig. 1(a)).

3.2. Influence of reaction time (t)

The influence of reaction time (t, 0–120 min) was explored: the
microwave-assisted HTC of SS was conducted at 230 °C with a fixed
solid–liquid ratio (0.03 g/mL) in the absence of any catalyst. Fig. 1
(b) shows the detailed results. When the reaction time was prolonged
from 0 to 30min, the yield of HC gradually decreased by 2.67wt%. How-
ever, when the reaction time was extended to 60 min, the yield of HC
was only slightly reduced by 0.83 wt%. Further increases in the reaction
time resulted in no evident change in the yield of HC, and it fluctuated
between 64.37 and 64.84 wt%. In other words, a reaction time of 30
min seemed to contribute to a significant solubilization/decomposition
of SS components or a substantial conversion of SS. Elaigwu and
Greenway (2016) conducted the microwave-assisted HTC of rapeseed
husk and reported that the decrease in HC yield was rapid before 20
min and subsequently became almost stable. A longer reaction time
usually means higher reaction intensity. Therefore, in a certain range
of reaction time, increasing the reaction timewould promote the degra-
dation of organic components (as observed in the decrease in VOM in
HCs) and the dissolution of inorganic components in SS (as observed
in the increase in EC in PW) (Wang et al., 2020a). From the view of
4

industrialization, the shorter the reaction time is, the better it is to im-
prove the process efficiency and save the process cost.

3.3. Influence of solid-liquid ratio (R)

The influence of the solid–liquid ratio (R, 0.03–0.25 g/mL) on the
microwave-assisted HTC of SS was also investigated, which was per-
formed at 230 °C with a fixed reaction time (30 min) in the absence of
any catalyst. The detailed results are shown in Fig. 1(c). The effect of
the solid-liquid ratio on the formation of HC differed from that of reac-
tion temperature/time. An increase in the solid–liquid ratio caused the
yield of HC to increase gradually from 65.67 wt% (0.03 g/mL) to 74.92
wt% (0.25 g/mL). Cao et al. (2019) also found that an increase in biomass
loading from 5% to 10% promoted the yield of HC by 5.2% during the
microwave–assisted HTC of Gracilaria lemaneiformis. As shown in Fig. 1
(c), the content of VOM in HC gradually increased with the increasing
solid–liquid ratio. In other words, the conversion efficiency of SS de-
creasedwith an increase in the solid–liquid ratio. This result occurred pri-
marily because the penetration depth of microwave energy is limited.
With an increase in the solid–liquid ratio, more mass barriers must be
overcome bymicrowaves, reducing the degradation efficiency of the bio-
mass polymerization structure (Kang et al., 2019). In addition, increasing
the solid–liquid ratio suggests a highermass transfer resistance and lower
substrate accessibility with water molecules. Although the O/C atomic
ratio of HC gradually decreased with an increase in the solid–liquid
ratio, indicating an increase in the carbonization degree of HC, the H/C
atomic ratio of HC continuously increased (that is, the aromatization de-
gree of HC decreased), indicating that the stability of HC in soil would de-
crease (Fig. 1(c)). Generally, a lower solid–liquid ratio facilitated the faster
conversion of organics in SS resulting in a low yield of HC and a low con-
tent of VOM.With an increase in the solid–liquid ratio, the concentration
of monomers in the liquid phase quickly increased, which promoted the
polymerization to start earlier, leading to an increase in the HC yield
(Wang et al., 2019a; Wang et al., 2020c).

3.4. Influence of catalyst

Microwave-assisted HTC of SS with two catalysts, H3PO4 and CaO,
was conducted at 230 °C with a fixed reaction time (30 min) and
solid–liquid ratio (0.03 g/mL). The effects of the addition of catalysts
on the formation of HC are shown in Fig. 2. The use of H3PO4 as a
catalyst reduced the yield of HC from 65.67 wt% (no catalyst) to 59.31
wt% (0.6 mol/L H3PO4) (Fig. 2(a)). In other words, the addition of
phosphoric acid promoted the degradation and transformation of SS
to a certain extent, as evidenced by the decrease in VOM in HC and
the significant increase in EC in PW (2.18 ms/cm [no catalyst] to 9.83
ms/cm [0.6 mol/L H3PO4]). A similar phenomenon has been reported
in the microwave–assisted HTC of Chlorella vulgaris (ESP-31) with
H3PO4 (0–0.1 mol/L) used as a catalyst (Gan et al., 2020). In general,
the acid catalyst would enhance the hydrolysis reaction in the HTC of
biomass, and the conversion of biomasswas correspondingly improved,
resulting in a decrease in HC yield (Nizamuddin et al., 2017).

In contrast, the application of CaO as a catalyst increased the yield of
HC from 65.67wt% (no catalyst) to 80.31wt% (10% CaO) (Fig. 2(b)). The
specific reason for this result was that the addition of CaO enhanced the
formation of calcium carbonate during the HTC process (Lang et al.,
2019b). This finding was consistent with the results of the study by
Wang et al. (2020a); the addition of CaO also promoted the formation
of HC during the microwave–assisted HTC of swine manure. Notably,
the addition of H3PO4 caused the pH values of HC and PW to decrease,
indicating strong acidity with a high dosage of H3PO4, while the
addition of CaO increased the pH value of HC and PW that indicated al-
kalinity (Table S2). Based on this finding, it was realized that the prod-
ucts obtained by using CaO as a catalyst may be easier to be applied
(e.g., land use of HC) or further treatment (for example, anaerobic di-
gestion of PW) than those produced with H3PO4 as a catalyst.



Fig. 1. Effects of reaction temperature (T, a), reaction time (t, b), and solid-liquid ratio (R, c) on the microwave–assisted HTC of SS.
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Fig. 2. Effects of catalysts on the microwave–assisted HTC of SS, (a) H3PO4, (b) CaO.
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3.5. Characteristics of HC

In the following sections, the main characteristics of representative
HTC products (HC and PW [discussed in Section 3.6]) are systematically
described. The reaction temperature and reaction time were fixed at
230 °C and 30 min, respectively, mainly considering the pH value of
PW. As shown in Tables S3 and S4, if the reaction temperature is
Table 1
CV, elemental and proximate analysis of SS and HCs.

Items Proximate analysis (wt%)a Elemental analysis (wt%)a

VOM FC Ash C H Ob

SS 43.81 2.65 53.54 21.76 3.44 17
HC c 20.56 2.52 76.92 12.37 0.83 8
HC–CaO (5.0 wt%)c 20.22 1.12 78.30 11.70 0.68 8
HC–H3PO4 (0.2 mol/L)c 16.84 1.48 82.04 11.09 <0.3 6

a On a dry basis.
b O% = 100%–Ash%–C%–H%–N%.
c All HCs were obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.

6

lower than 230 °C or the reaction time is less than 30 min, the PW is
acidic, which is not conducive to its treatment or utilization. The higher
reaction temperature and reaction timemean greater energy consump-
tion. In addition, the selection of the solid–liquid ratio of 0.03 g/Lmainly
considered the H/C atomic ratio of HC. As shown in Table S5, the higher
the solid–liquid ratio, the higher the H/C ratio of HC, which means the
lower aromaticity of HC, resulting in lower stability of HC in the soil.
Atomic ratio C/N ratio CV (MJ/kg)

N O/C H/C (N + O)/C

.58 3.69 0.61 1.90 0.48 5.90 9.52

.94 0.95 0.54 0.81 0.59 13.02 4.52

.47 0.87 0.54 0.69 0.61 13.52 4.17

.22 0.65 0.42 <0.32 0.47 17.05 3.57



Table 2
pH, EC, and major nutrients of SS and HCs.

Items pH EC (mS/cm) Nutrients (g/kg)

TPa TKa SPb SKb SNb

SS 6.03 1.47 13.50 5.00 0.85 2.55 3.88
HCc 5.97 0.37 20.97 3.70 0.32 0.43 0.79
HC–CaO (5.0 wt%)c 7.44 0.43 21.89 6.60 0.04 4.04 0.55
HC–H3PO4 (0.2 mol/L)c 2.87 1.43 100.01 4.31 2.40 3.54 0.83

a Indicates total content.
b Indicates available content.
c All HCs were obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.
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3.5.1. General characteristics
The elemental/proximate compositions of raw SS and representative

HCs are listed in Table 1. The SS feedstock was different from other bio-
mass (e.g., lignocellulose, algae); the ash content of SS was very high,
and accordingly, its calorific value was relatively low (Fonts et al.,
2012). For example, the ash content in the raw SS tested in this study
was as high as 53.54 wt%, and its calorific value was only 9.52 MJ/kg.
The dissolution and degradation of organic matter contained in SS dur-
ing the microwave–assisted HTC process led to a decrease in the VOM
content in the HCs. However, the mineral components were generally
retained in HCs due to the precipitation of minerals in ash and deposi-
tion of some inorganic substances on HC, and thus, increasing the con-
tent of ash (Gao et al., 2018; Tasca et al., 2019). Hence, the caloric
values of HCs were lowered to 3.57–4.52 MJ/kg. The addition of cata-
lysts, especially H3PO4, further decreased the content of organic
matter in theHCwhile increasing the content of ash. The addition of cat-
alysts is posited to promote the degradation of organic compounds and
the formation of some inorganic metal salt precipitates (see Fig. S1 in
the Supplemental material) (Lang et al., 2019b).

HCs, especially for those produced in the catalytic HTC runs,
contained lower contents of C, H, O, and N than raw SS feedstock, and
thus possessed a higher (N + O)/C molar ratio and lower O/C and H/C
molar ratios (Table 1). The decrease in the nitrogen content of HC may
be primarily ascribed to the solubilization or degradation of proteina-
ceous components (Hämäläinen et al., 2021; Malhotra and Garg,
2020). According to the Van Krevelen diagram for raw SS and its HC
(Fig. 3), it was inferred that the decarboxylation and dehydration reac-
tions were the two main formation pathways of HCs, resulting in a de-
crease in the contents of C, H and O. Furthermore, the dehydration
reaction (formation ofwater)wasmore important than the decarboxyl-
ation reaction (formation of carbonyls, carboxylic acids, and CO2), now
that the H/C molar ratio showed a greater decrease than the O/C
molar ratio (Zhang et al., 2021b). The (N + O)/C, O/C, and H/C molar
ratios are usually considered as indicators of polarity, carbonization
degree, and aromaticity of HC, respectively. Lower the O/C and H/C
molar ratios, higher the aromaticity and carbonization degree. Lower
the (N + O)/C molar ratios, lower the polarity (Wang et al., 2020b).
Thus, the HCs had higher aromaticity and carbonization degree than
Fig. 3. Van Krevelen diagram for raw SS and HCs obtained at
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the raw SS feedstock, and their polarity increased (except for the HC
generated in the H3PO4–catalytic run).

After the HTC treatment, the C/N ratio was increased from 5.90 (SS)
to 13.03–17.05 (HCs). Higher is the C/N ratio, lower is the availability of
N. In other words, the HTC treatment process exhibited an immobiliza-
tion effect on N, which was confirmed by the decrement of soluble N in
HCs (0.55–0.83 g/kg versus 3.88 g/kg; Table 2). In addition, if the HC
product is applied for agricultural use, the C/N ratio of HC should not ex-
ceed 20; otherwise, sufficient available nitrogen will not be assured for
crop utilization (Wang et al., 2020a). Fortunately, the C/N ratios of all
HCs in this study were below the specified values.

Table 2 shows the pH, EC, and major nutrients of raw SS and the se-
lected HCs. The raw SS feedstock was weakly acidic, with a pH value of
6.03. Comparedwith raw SS, the HC possessed a slightly lower pH value
(HC, 5.97) because of the residual of partial organic acids formed during
the HTC process (Xiong et al., 2019). The addition of H3PO4 further
reduced the pH of HC to 2.87 (HC–H3PO4), whereas the addition of
CaO improved the pH of HC to 7.44 (HC–CaO). The acidity and basicity
of the catalyst may be an important reason for the change in the pH
value of HC. The HTC process often has a certain desalination effect
(Jin et al., 2019). Thus, it was found that the EC value of HC (0.37 mS/
cm) was lower than that of raw SS (1.47 mS/cm). Notably, the addition
of catalysts promoted the EC of HC, especially for HC–H3PO4 with an EC
value of 1.43 mS/cm.

The contents of TP and TK in raw SS were 13.50 g/kg and 5.00 g/kg,
respectively. Phosphorus was further enriched in the HC (20.97 g/kg)
230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.



Fig. 4. Total content of heavy metals in raw SS and HCs obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.
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after the HTC treatment because of the formation of precipitated phos-
phate salts, and the potassium content was reduced to 3.70 g/k, which
usually possessed a high affinity with PW (Hämäläinen et al., 2021;
Heilmann et al., 2014). The changes in the content of SP and SK were
consistent, and decreased from 0.85 g/kg to 0.32 g/kg and from 2.55
g/kg to 0.43 g/kg, respectively. The use of CaO as the catalyst slightly in-
creased the TP content in the HC, and the content of SP was further re-
duced to 0.04 g/kg. Notably, the content of TK in HC increased to 6.60
g/kg, whichwas even higher than that in rawSS, resulting in an increase
8

in SK to 4.04 g/kg. A study byDeng et al. (2020) proved that calcium ions
can react with P to form insoluble phosphates (hydroxyapatite and
octa‑calcium phosphate). In the case of using H3PO4 as the catalyst,
the TP content in HC was significantly increased, up to 100.01 g/kg,
and the corresponding SP content was also improved to 2.40 g/kg.
This may be attributed to the addition of a large amount of phosphorus
into the reaction system by the phosphoric acid catalyst itself. The effect
of the H3PO4 catalyst on the total potassium and soluble potassium
content in HC was similar to that of the CaO catalyst.
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3.5.2. Heavy metals content
The identification of the occurrence characteristics of heavy metals

in HC is helpful for judging the control effect of the microwave-
assisted HTC process on heavy metal pollution. The total contents of
heavy metals in raw SS and HCs are shown in Fig. 4. In Fig. 4, the speci-
fied values of heavymetals in a national standard are also quoted,which
focuses on the control standards of pollutants in sludge for agricultural
use (Table S6). In the raw SS feedstock, Zn possessed the highest con-
centration (717.02 mg/kg), followed by Cu (229.64 mg/kg), Cr (136.85
mg/kg), Ni (76.78 mg/kg), Pb (53.79 mg/kg), and Cd (2.20 mg/kg). No-
tably, the contents of the six heavymetals were all under the prescribed
values of Class A (Table S6), indicating that the corresponding SS can be
applied to arable land, garden land, and grassland. Compared with raw
SS, the HC contained a higher total content of heavy metals, especially
for Zn and Cu, increasing by 468.78 mg/kg and 132.88 mg/kg, respec-
tively. In addition, the contents of Cd and Ni in HC exceeded the pre-
scribed values of Class A but were still under those of Class B,
indicating that the HC product cannot be applied to edible crops in ara-
ble land. The enrichment of heavy metals in HC can be ascribed to the
heavy metals being very stable under a relatively mild treatment pro-
cess (150–250 °C in this study) rather than being converted or volatil-
ized (Wang et al., 2019a). In addition, the degradation/transformation
of organic matter in SS during the HTC process indirectly increased the
total content of heavy metals (Hämäläinen et al., 2021; Huang and
Yuan, 2016). Some heavy metals (for example, Zn and Cu) might form
precipitations due to their low water solubility and cation exchange ca-
pacity under HTC conditions (Lu et al., 2021).

When CaOwas introduced during themicrowave-assistedHTC of SS,
the total contents of Cu, Cd, and Zn in HC (HC–CaO) were reduced,
which can be ascribed to the increase in HC yield. However, a slight in-
crease was observed in the total contents of Cr, Ni, and Pb. This may be
because of the addition of CaO, which inhibited the dissolution of the
metals in the reaction process and reduced their transfer to PW. In the
presence of H3PO4, the total contents of Cu, Cr, Ni, and Pb in HC (HC–
H3PO4) were further increased to different extents. There are two
reasons for the above results. First, the yield of HC decreased when
H3PO4 was used as a catalyst, which indirectly increased the total
content of heavy metals in the HC. Second, the phosphoric acid
compounds of the above metals were insoluble in water. As for the
decrease in Cd and Zn contents, it was speculated that Cd and Zn were
easily transferred to PW under acidic reaction conditions. However,
the addition of catalysts did not improve the agricultural utilization of
HC; moreover, the HC produced could not be used for the cultivation
of edible crops. This problem can be solved by introducing other bio-
mass with low content of heavy metals in the microwave-assisted
HTC of SS (also known as co–HTC treatment) (Shi et al., 2013).

The leachability of the heavymetals was also evaluated by analyzing
their leachable contents (Table 3). The leachable contents of all six
heavy metals in HC were lower than those in raw SS. This was mainly
because the HTC process had a certain passivation effect on the heavy
metals in the SS. Specifically, HTC treatment decreased the directly bio-
available and potentially bioavailable fractions of heavy metals de-
creased, and the residual fraction showed an observable increase
Table 3
Contents of leachable heavy metals in raw SS and HCs (mg/L).

Items Cu Zn Pb Cr Cd Ni

SS 2.33 1.16 0.03 0.21 0.004 2.20
HCb 0.18 0.50 0.01 0.09 –a 0.08
HC–CaO (5.0 wt%)b 0.12 0.53 0.01 0.06 – 0.03
HC–H3PO4 (0.2 mol/L)b 1.75 4.55 0.19 0.07 0.008 0.09
Standard valuec 100 100 5.0 15.0 1.0 5.0

a Under the detect limit.
b All hydrochars were obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03

g/mL.
c Identification standards for hazardous wastes (Table S7).
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(Wang et al., 2019b; Zhang et al., 2018). Notably, the introduction of
CaO further reduced the leaching capacity of heavy metals in the HC,
whereas H3PO4 had the opposite effect. The leachable contents of Zn,
Pb, and Cd in HC (HC–H3PO4) were even higher than those in raw SS,
but still lower than the threshold for hazardous waste (Table S7).
These results may be associated with the changes in the pH values of
the HC (Table 2).

3.5.3. Combustion characteristics
Fig. 5 presents the TG–DTG curves of raw SS feedstock and HCs ob-

tained at 230 °C with or without catalysts, revealing that the SS-
derived HC possessed distinct combustion behavior compared with
the raw SS feedstock. Furthermore, the addition of catalysts during the
HTC process further changed the combustion behavior of HCs. Accord-
ing to Fig. 5(a), the SS combustion process comprises of three stages.
Stage A ranged from 30 °C to 120 °C, mainly due to the initial water
evaporation. In stage B (150–400 °C), the combustion of the partial vol-
atile matter was the main loss. Stage C ranged from 400 °C to 550 °C,
mainly attributed to the oxidation of residual volatile matter and FC.
After this stage, it was mainly the degradation of inorganic substances
(Peng et al., 2016). Regarding HCs, a similar stage A was observed,
with a lower peak DTG value than that of the raw SS feedstock, which
was probably because of the higher percentage of bound water in the
original SS (Zhang et al., 2021a). In the second stage (stage B), themax-
imum weight loss rate values (DTGmax) were all lowered, and the
corresponding peak temperatures (Tm) were delayed because of the
decrease in volatile matters in the HCs. The peak temperature of stage
C in HC obtained in the non-catalytic run declined to approximately
400 °C (Fig. 5(b)). When H3PO4 was used as the catalyst, the peak
temperature of stage C increased to 500 °C (Fig. 5(c)). When CaO was
applied as the catalyst, stage C was unapparent and was accomplished
along with stage B (Fig. 5(d)).

Table 4 displays the characteristic combustion parameters of raw SS
and representative HCs. The Ti was increased from 215.46 (raw SS) to
241.54 °C (HC), and the Tb was decreased from 517.45 to 463.66 °C.
The application of CaO as a catalyst further improved the Ti to 261.87
°C and slightly reduced the decline range of Tb. Notably, the Ti of HC
was also further improved to 331.21 °C with the addition of H3PO4,
but at the same time, the Tb of hydrochar also was increased from
517.45 to 536.34 °C. The increase in Ti and the decrease in Tb of HC
were mainly due to the degradation/transformation of organic matter
in the HTC process, resulting in a decrease of residual organic matter
content in the HCs (Table 1) (Lu et al., 2021). The addition of catalysts
further promoted the degradation of organic matter, and thus, Ti was
further increased. A high Ti indicates a lower fire and explosion risk;
this means that there was a higher security in the treatment, storage,
and transportation of HC than raw SS (Peng et al., 2016). Special atten-
tion should be paid to the increase in the Tb of HC, especially when
H3PO4 was used as the catalyst (even higher than that of the raw SS).
This may be because the application of the catalyst promoted the
formation of aromatic compounds with a stable structure in HC (please
refer to the H/C molar ratio listed in Table 1) (Lang et al., 2019a).

The increase in Rm from 51.87 wt% in raw SS to 75.94–81.98 wt% in
HCs is possibly because of the accumulation of ash in HCs. Significantly,
the values of Rm were all slightly lower than the corresponding ash
content (Table 1), indicating that the combustion process of raw SSma-
terials and HCs was relatively thorough. The DTGmax, CCI, and CSI values
of theHCswere lower than those of the raw SS feedstock. Similar results
were reported byHeet al. (2013),who carried out the conventional HTC
of SS at 200 °C for 4–12h. The lower values ofDTGmax, CCI, and CSI in HCs
may be because the HTC treatment resulted in a substantial loss of or-
ganic matter in the HCs. In contrast, a high content of organic matter
would also lead to flame instability, resulting in high heat loss. Overall,
the combustion performance of SS was considered to be poor, although
it presented high CCI and CSI values (Wang et al., 2020c). Notably, the
addition of H3PO4 significantly further reduced the DTGmax, CCI, and



Fig. 5. TG-DTG curves of raw SS (a) and HCs ((b) HC, (c) HC-CaO, and (d) HC-H3PO4) obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.
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CSI values of HC. He et al. (2019), Lu et al. (2021) andWilk et al. (2021)
improved the combustion performance of SS-derived hydrochar by in-
troducing sawdust, charcoal, polyvinyl chloride, walnut shell, fallen
leaves and orange peel in the conventional HTC process. The introduc-
tion of similar biomass into microwave-assisted HTC of SS is also ex-
pected to improve the combustion performance of hydrochar, which
needs further research.

3.5.4. Micromorphology and surface characteristics
Fig. 6 presents theN2 adsorption/desorption isotherms andpore size

distributions of the HCs. Specific surface areas, pore sizes, and pore
volumes of the HCs are listed in Table 5. According to the pore size,
the pores are usually classified as micropores (<2 nm), mesopores
(2–50 nm), and macropores (>50 nm) (Lai et al., 2018; Pan et al.,
2018). The average pore size of hydrochars was ranked in the range of
Table 4
Characteristic combustion parameters of raw SS and HCs.

Items SS HCa HC–CaO
(5.0 wt%)a

HC–H3PO4

(0.2 mol/L)a

Ti (°C) 215.46 241.54 261.87 331.21
Tb (°C) 517.45 463.66 471.19 536.34
Tm 283.88 306.97 325.82 506.28
DTG max (wt%/min) 4.11 2.10 2.33 1.41
DTGmean (wt%/min) 1.07 0.54 0.51 0.40
Rm (wt%) 51.87 75.94 76.92 81.98
CCI (10−8, wt%2 min−2 °C−3) 18.31 4.19 3.68 0.96
CSI (103, wt%min−1 °C−2) 5.77 2.43 2.35 0.72

a All HCs were obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.
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10.1–22.6 nm (Table 5), indicating that the SS-derived HCs produced
in this study were mesoporous materials. All three HCs exhibited a
Type IV sorption isotherm with a typical hysteresis loop (Fig. 6(a, c,
e)), characteristic of mesoporous and nonporous adsorbents. The hys-
teresis loops were a Type H3 loop, usually observed with aggregates of
plate-like particles giving rise to slit-shaped pores (Sing et al., 1985).

The pore size distribution of HCs presented a similar peak horizontal
position (about 1.0 nm) (Fig. 6(b, d, f)). Some differences among the
three types of HCs were also observed. The percentages of micropores,
mesopores, and macropores in HC derived from the non-catalytic run
were 0.60%, 49.52%, and 49.89%, respectively (Table 5). The use of CaO
as a catalyst improved the proportions of micropores and mesopores,
and in the case of H3PO4, the number of mesopores was decreased
and the number of micropores and macropores increased. Thus, the
average pore size of HC was significantly reduced from 22.6 nm (HC)
to 10.1 nm (HC–CaO), and for HC–H3PO4, only a slight decrement was
observed. The addition of both catalysts reduced the pore volume and
specific surface area of the HC. Based on this, it was inferred that the
degradation of SS components was enhanced by the application of cat-
alysts (Table 1); and thus, more small plate-like particles were formed,
which may block or squeeze part of the pores (Fig. 6). During the
microwave-assisted HTC of crop resides, it was found that the applica-
tion of H3PO4 could improve the pore volume and specific surface area
of HC (Liu et al., 2021c). Themain reason for this conflictmay be the dif-
ferent compositions and structures of SS and crop residues.

The changes in the micromorphology of SS before and after HTC
treatment are shown in Fig. 7. The raw SS feedstock presented a flat,
smooth, and dense matrix (Fig. 7(a)). After the HTC treatment, the sur-
face of the HC became coarser/disoriented and contained more pores,
indicating the disintegration of the SS matrix. Additionally, some



Fig. 6. N2 adsorption-desorption isotherms and pore size distribution of HCs obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.
HC: (a) and (b); HC-CaO: (c) and (d); HC-H3PO4: (e) and (f).
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crystalline substances were present on the surface of the HC (Fig. 7(b)).
Themorphology of HCwas related to the transformation and volatiliza-
tion of organic matter in the feedstock (He et al., 2013; Wang et al.,
2021). The addition of catalysts, especially H3PO4, enhanced the
decomposition of organic matter in SS, as shown in Table 1. Thus, the
surface of HC–CaO presented flocculent structures comprising smaller
particles (Fig. 7(c)), and a honeycomb structure formed by debris accu-
mulation was observed on the surface of HC–H3PO4 (Fig. 7(d)).
11
3.6. Characteristics of PW

Table 6 shows the major properties of the representative PW pro-
duced from the microwave-assisted HTC of SS. When no catalyst was
used, the pH value of the PW was 7.04, indicating neutral properties.
Normally, the hydrolysates of SS components (various organic acids)
generated during HTC would lead to the acidic properties of the PW
(Liu et al., 2021c). However, the final pH of the PW was also affected



Table 5
Specific surface area, pore size, and pore volume of HCs.

Items HCa HC-CaO
(5.0 wt%)a

HC-H3PO4

(0.2 mol/L)a

Specific surface area (m2/g)b 24.0 21.8 11.4
Average pore size (nm)c 22.6 10.1 19.8
Micropore volume (cm3/g)c 0.0079 0.0071 0.0037
Pore volume (cm3/g)c 0.189 0.076 0.076

Pore size distribution (%)d

≤2.0 nm 0.60 1.98 0.81
3–10 nm 9.32 28.45 13.17
11–50 nm 40.20 57.48 27.37
51–100 nm 21.09 0.89 23.94
101–200 nm 19.52 1.79 27.02
>200 nm 9.28 9.41 7.68

a All HCs were obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.
b BET (Brunauer–Emmett–Teller) multipoint method.
c HK (Horvath and Kawazoe) method (pore size range: <2 nm).
d BJH (Barrett–Joyner–Halenda) method, adsorption data (pore size range: 1.7–300 nm).

Table 6
Major characteristics of PW (mg/L).

Items pH EC (ms/cm) SP SK NH4
+-N COD

PWa 7.04 2.18 36.22 0.06 502.40 1366.88
PW–CaO (5.0 wt%)a 8.10 2.25 4.69 0.07 478.35 2526.98
PW–H3PO4 (0.2 mol/L)a 2.83 2.94 6566.70 0.11 782.19 1714.38

a All PWwere obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.
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by volatilization, for example, of ammonia, during the HTC treatment
(Hämäläinen et al., 2021). Wilk et al. (2019) performed the conven-
tional HTC of SS at 200 °C for 4 h and found a similar result that the
pH of PW was 7.33. It was predictable that the application of CaO as a
catalyst made the pH of PW increase to 8.10 (alkaline properties), and
the use of H3PO4 as a catalyst made the pH of PW reduce to 2.83 (strong
acidity). The EC value of PWwas increased from 2.18ms/cm (PW,with-
out catalyst) to 2.25 ms/cm (PW–CaO) and 2.94 ms/cm (PW–H3PO4),
respectively. The presence of H3PO4 might enhance the dissociation of
base ions in the raw SS, resulting in many solutes entering the PW,
Fig. 7. SEM analysis of raw SS (a) and HCs ((b) HC, (c) HC-CaO, and (d) HC-H3
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and thus increasing the EC value of PW (Xiong et al., 2019). The addition
of CaOduring theHTCprocess reduced the contents of SP andNH4

+–N in
the PW, and an opposite trend was observed for H3PO4. The specific
reason for this result may be that the application of H3PO4 promoted
the deamination reactions of proteinaceous compounds and
introduced available phosphorus components. The addition of CaO
might enhance the formation of apatite inorganic phosphorus
(phosphate bound to Ca) (Zhang et al., 2017). The COD value of PW
was increased from 1366.88 mg/L (PW) to 2526.98 mg/L (PW-CaO)
and 1714.38 mg/L (PW–H3PO4), respectively, suggesting that the
addition of catalyst enhanced the degradation of organic matters in
raw SS. At present, the further recovery of energy, nutrients and
chemicals from process water is becoming one of the hot spots of
researchers (Leng et al., 2020; Leng et al., 2021; Usman et al., 2019).

3.7. Formation pathways and potential application of HCs

Based on the literature review and the findings of this study, the
formation pathways of HC during the microwave-assisted HTC of SS
were preliminarily conjectured (He et al., 2013; Liu et al., 2021a;
PO4) obtained at 230 °C for 30 min with a solid–liquid ratio of 0.03 g/mL.



Fig. 8. Speculated formation mechanism of HC (Summarized from references: He et al., 2013; Liu et al., 2021a; Wang et al., 2019a).
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Wang et al., 2019a). As shown in Fig. 8, the HC can be formed
through twomain reaction pathways: direct solid-solid conversion,
also known as ‘char’, and aggregation of degradation intermediates
from the organic components (lipids, carbohydrates, proteins, lig-
nin, and humic substances), also known as ‘coke’. The actual HC
production process is much more complex than that shown in
Fig. 8. Special experiments must be designed to determine the de-
tailed formation mechanism of HC in the microwave–assisted HTC
of SS (Yu et al., 2020b). Although HCs have shown great potential
to be used in materials, energy, agriculture, and environment, the
high ash content in SS-derived HCs may limit their application po-
tential to a certain extent (Liu et al., 2021d; Wang et al., 2019a;
Zhang et al., 2020b). The HC obtained from the microwave-
assisted HTC of SS with CaO as a catalyst may be a promising bio-
fertilizer, which possesses alkaline properties and a lower content
of soluble N/P/K and available heavy metals. As mentioned in
Sections 3.5.2 and 3.5.3, the microwave-assisted HTC of SS might
be further improved through col–HTC treatment to promote the ap-
plication potential of HC. Future research must focus on the appli-
cation of HC formed by microwave–assisted HTC of SS.

4. Conclusions

Themicrowave-assistedHTC of SSwas preliminarily explored in this
study. Through the investigation of the yield and properties of HC and
PW, the following conclusions can be drawn:

(1) The yield of HC decreased with increasing reaction temperature
and time, and increased with increasing solid–liquid ratio. The
addition of CaO as a catalyst further promoted the yield of HC,
whereas it was reduced in the case of H3PO4.

(2) Compared with the raw SS feedstock, the HC exhibited higher
aromaticity, carbonization degree, porosity, and polarity, sug-
gesting its higher application potential for land use and adsor-
bent. However, the lower caloric value and poor combustion
performance of HC limited its application as an energy source.

(3) The main nutrients (N/P/K) were immobilized in HCs, reducing
the risk of loss of nutrients. CaO as a catalyst further promoted
the recovery of P and K in HC. H3PO4 as a catalyst led to a high
P content in the HC and PW.
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(4) All six heavy metals investigated were enriched in HCs; thus, the
total contents of Cd andNi exceeded the standard value for use in
cultivated land with edible crops, but the leachable content of
heavy metals decreased. When H3PO4 was used as the catalyst,
it reduced the total content of Zn and Cd in HC, but increased
the leachable content of these two heavy metals. For reducing
the risk of heavy metal pollution during the land use of HC, the
col–HTC of SS and other biomass with low heavy metal content
is suggested.

(5) The PW still contained a high content of organic matter and nu-
trients, which could be further recovered through some pro-
cesses, such as anaerobic digestion, algal cultivation, and
supercritical water gasification.
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