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Abstract: Hydrothermal carbonization (HTC) is a potentially valuable technology for
sewage sludge treatment and resource utilization. This study proposes a combined
process of ultrasonic pretreatment and HTC to improve the yield and properties of
hydrochar derived from sewage sludge (SS). SS was ultrasonically pretreated at
different sound energy densities (0.6 — 1.4 W/mL) and pretreatment times (5 — 30 min),
and then HTC conducted for 4 h in an autoclave. Ultrasonic pretreatment markedly
enhanced the apparent structure and particle size of the feedstock, thereby improving
the hydrothermal reactivity of SS. After ultrasonic pretreatment at 1.4 W/mL for 15 min,
the yield of hydrochar derived from SS was 11.25% higher than that obtained after
direct HTC. The hydrochar yield was also correlated with the ultrasonic pretreatment
parameters. Ultrasonic pretreatment increased the specific surface area and number of
oxygen-containing functional groups of the hydrochar and increased the energy density
and energy yield by at most 7.63% and 9.56%, respectively. The impact of ultrasonic
pretreatment on the heavy-metal pollution risk of hydrochar was evaluated in terms of
the geological acumination index. Pretreatment with appropriate ultrasonic parameters
decreased the pollution risks of Zn, Cu, Cr, and Pb. This study provides a valuable
perspective on combined feedstock pretreatment and HTC, increasing the product value
of HTC of sewage sludge.

Keywords: Sewage Sludge, Hydrothermal Carbonization, Ultrasonic Pretreatment,

Hydrochar, Heavy Metal
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1. Introduction

Sewage sludge (SS) is an inevitable by-product of wastewater treatment. SS contains a
large amount of pollutants that easily cause secondary pollution of the environment
unless properly treated and disposed (Hoang et al., 2022). Currently, common SS
disposal methods include landfilling or incineration (single and co-incineration) after
dewatering, land application(as soil or fertilizer) after anaerobic digestion, and
utilization as raw material for material preparation. However, the high moisture content
of SS (up to 80 wt.%) must be reduced through energy-intensive drying before disposal
using landfilling and incineration (Liang et al., 2021); Land application still poses
potential environmental pollution risks, and the efficiency of anaerobic digestion of SS
is relatively low. Moreover, material preparation struggles to dispose all the SS, and the
performance of the materials produced is not competitive. Meanwhile, the high organic
matter content of SS (up to 50% dry weight) can be harnessed for biomass energy.
Hydrothermal carbonization (HTC) has emerged as a wet organic feedstock-treatment
technology in recent years (Tangredi et al., 2023). HTC converts the water in wet
feedstock into subcritical water, providing a reaction medium for conversion of the
organic matter in feedstock to hydrochar. The hydrochar is subsequently used as a solid
fuel (Venna et al., 2021), functional material (Nogueira et al., 2019), or soil modifier
(Chen et al., 2023). When applied as an SS treatment, HTC technology not only avoids
the drying step but also achieves resource utilization of the organic matter in SS.
Therefore, compared to conventional SS treatment technologies, HTC offers unique

advantages: on one hand, it facilitates pollutant degradation and organic matter
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utilization, which are shortcomings in landfill and land application of SS; on the other
hand, HTC offers a balance between treatment efficiency (as compared to anaerobic
digestion) and cost-effectiveness (as compared to incineration or pyrolysis).

When SS is used as feedstock, the yield and properties of hydrochar are diminished by
the complex organic composition of SS and must be improved. Macromolecular organic
substances such as humus, protein, and lignin account for more than 60% of SS (Gong
et al., 2016). These components are slowly hydrolyzed in subcritical water, yielding
few intermediate products. Polymerization or condensation reactions of intermediates
such as 5-hydroxymethylfurfural (HMF) are important pathways for the formation of
hydrochar precursors. Therefore, to improve the hydrochar yield, one must improve the
reaction extent of the macromolecular organic matter in SS. Most SS also contains
heavy metals (Chen et al., 2022), which further accumulate in hydrochar. Although it
has been reported that the risk of heavy metals after HTC is still within the limits of soil
environmental standards (Fu et al., 2022), reducing the risk of heavy metals is still
crucial for the safety and sustainable management of solid waste. Therefore, it is
necessary to optimize the HTC process of SS in order to achieve higher hydrochar yield,
while improving product properties and achieving heavy metal pollution control.
Some studies have optimized the HTC process by adjusting the reaction parameters or
applying additives (Nizamuddin et al., 2017). The reaction temperature is the most
important parameter of HTC. Increasing the temperature decreases the yield and
volatile content of hydrochar but increases the fixed carbon content and calorific value
(Nawaz & Kumar, 2023). Extending the HTC residence time also improves the reaction

4
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intensity to some extent (Akbari et al., 2022). As the dissolved intermediate products
must be extensively polymerized to form hydrochar, the residence time is proportional
to the hydrochar yield. Meanwhile, various types of additives have optimized different
aspects of the HTC process. Zhang et al. (2023) reported that acid/alcohol additives
promote the carbonization degree and yield of SS-derived hydrochar. Qi et al. (2022)
reported that co-HTC of attapulgite and SS effectively increases the calorific value and
reduces the bioavailability of heavy metals in hydrochar. Whereas the above studies
optimize the HTC process, other studies have combined HTC with a feedstock
pretreatment technology, which changes the hydrothermal-conversion adaptability of
feedstock and hence improves the properties and yield of downstream products.
pretreatment strategies can be integrated with existing regulatory methods of HTC to
further optimize the generation of hydrochar. Moreover, compared to the use of
additives, pretreatment avoids the risk of residual chemicals, thereby reducing
environmental hazards associated with hydrochar. Most of these studies combine HTC
with a biological pretreatment technology. For instance, Wang et al. (2022) pretreated
garden waste with 7 — 28 days of anaerobic digestion prior to HTC. This pretreatment
improved the surface composition and structural properties of the feedstock, thereby
improving the properties of the downstream hydrochar. However, the long timeframes
of many biological pretreatments lower the treatment efficiency. This problem can be
resolved through physicochemical pretreatment methods. Wang et al. (2023)
impregnated SS with liquefied dimethyl ether, which not only strengthened the mass-

transfer characteristics of SS and the subcritical water in the subsequent HTC, but also
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increased the hydrochar porosity. Paini et al. (2021) combined HTC with a thermal
hydrolysis pretreatment to enhance the hydrothermal reactivity of cellulose in plant
biomass, the hydrothermal reactivity is the capacity of a substance to participate in
chemical reactions in HTC and cellulose reactivity is mainly due to primary hydroxyl
bonds of glycosidic rings, the pretreatment solubilized compounds that not only activate
cellulose but also improve volatilization rate of lignin in feedstock by altering the
thermal degradation of the whole structure. The above pretreatment methods mainly
improve the structural properties of feedstock or induce pre-decomposition of the
refractory organic components in feedstock, thereby improving its reactivity in the
downstream HTC process. Similar effects are expected from ultrasound, which is
highly directional, strongly penetrating, and generates acoustic cavitation and
mechanical vibrations (Xu et al., 2019). Furthermore, ultrasonic pretreatment is an
efficient process that removes the need (and hence the cost) of a reagent. Kapusta (2018)
confirmed that ultrasonic pretreatment can effectively improve the hydrothermal-
conversion activity of SS; in particular, the bio-oil yield of SS during hydrothermal
liquefaction at 320°C is increased after pretreatment. However, there are no reports of
combining ultrasonic treatment with HTC process in current research.

In the present study, ultrasonic pretreatment is coupled with HTC. The proposed method,
named UP-HTC, aims to optimize the HTC process to improve the yield and
performance of SS-derived hydorchar. Prior to HTC, the SS was ultrasonically
pretreated under different operation parameters. The hydrochar yield, properties, and

heavy-metal migration were determined and the effect of ultrasonic pretreatment on
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hydrochar generation was assessed.

2. Material and Methods

2.1 Material

The SS tested in the experiments was collected from Qiaobei wastewater treatment
plants in Nanjing, Jiangsu province, China (the collection site is shown in the Figure
S1). Prior to experiment, the SS was dried in an oven at 65°C, then ground into a
uniform powder to prevent the effects of uneven feedstock composition on the
experimental results. The properties of the SS are shown in Table S1.

2.2 Experimental apparatus and procedures

The experimental procedures included ultrasonic pretreatment, the HTC process, and

product separation (Figure 1). The methods of each step are described below.

Ultrasonic HTC

Pretreatment
O,

% I F Filtration

SS-u Sepa ratiin ‘

0.6-1.4 WimL & 180°c

®

S lud —_> © © Aqueous Phase Oil Phase  Hydrochar
ewage sludge o ss (AP) (OP)  (HC, HC-w)

Control Group
Direct HTC

Figure 1. Schematic overview of the experimental procedure.

2.2.1 Ultrasonic pretreatment

To prepare the SS slurry, the SS sample and distilled water were added to a beaker at a
solid: liquid weight ratio of 1:10. The SS slurry was pretreated with an ultrasonic
transmitter. During the pretreatment process, the sound energy density was controlled

between 0.6 and 1.4 W/mL by adjusting the ultrasonic generator power. The
7
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pretreatment time was also varied (5 — 30 min). In this study, considering that the
pretreatment should be a rapid and low-consumption process, the range of the
aforementioned variables was determined for preliminary investigation. After the
ultrasonic pretreatment, the SS slurry was filtered to separate the solid and liquid phases
(LP). The solid phase was dried at 65°C to obtain ultrasonically pretreated SS (SS-u)
and the liquid-phase products were collected.

2.2.2 HTC process

The HTC experiment was conducted in a 50-mL 316L stainless steel autoclave
equipped with temperature and pressure sensors. Two grams of the dried feedstock and
20 mL of distilled water were placed in the autoclave and reacted for 4 hours at 180°C.
The HTC parameters were determined based on our preliminary study (Wang et al.,
2023), which ensures a relatively complete hydrothermal conversion of the SS under
these conditions. The setting of the solid/liquid ratio was referenced from previous
research schemes (Wang et al., 2023) and is closer to the requirements of practical
applications, particularly from the perspective of forming pumpable feedstock slurries.
After the reaction, the products were separated according to the previous separation
method to obtain solid-phase and liquid-phase products (Wang et al., 2023). The
separated solid-phase product was oven-dried at 65°C to yield hydrochar as the dried
solid-phase product. The hydrochars prepared from SS and SS-u were recorded as HC
and HC-u, respectively. The liquid-phase product was a mixed aqueous—
dichloromethane (DCM) phase that separated while standing. The aqueous-phase

product was labeled as AP and the DCM was removed from the DCM phase by nitrogen
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to obtain an oil-phase product labeled as OP.

2.2.3 Heavy-metal leaching experiment

The heavy-metal risk of hydrochar was evaluated in a heavy-metal leaching experiment.
Here, 0.2 g of hydrochar and 10 mL of distilled water were placed in a 50-mL centrifuge
tube. The tube was placed in a water bath oscillator and shaken for 48 hours at 200
r/min. During the oscillation process, the supernatant was sampled at regular intervals
and filtered through a 0.22-um membrane to obtain the hydrochar leaching solution.
2.3 Product analysis

The ash and volatile matter in the samples were determined according to the ASTM
standard. The surface morphologies of the samples were observed using scanning
electron microscopy (SEM) (Quanta FEG 250; FEI; USA) and the functional groups in
the hydrochar were determined using Fourier transform infrared spectroscopy (FT-IR)
(Alpha, Bruker, Germany). The organic elements in the sample were measured with an
element analyzer (Unicube, Elementar, Germany). The carbon content of both solid
phase samples and liquid phase samples were measured using a TOC analyzer (TOC-
V, Shimadzu, Japan).

The heavy metals in the sample were digested by the alkaline fusion method (Uchida
et al., 2005). The heavy-metal concentrations in the digested solution were then
determined by inductively coupled plasma—optical emission spectrometry (ICP-OES;
Optima 8000, PerkinElmer, USA). Four common heavy metals were identified in the
SS, namely, Zn, Pb, Cr, and Cu. Additionally, these four heavy metals are subject to

relevant restrictions in China's standards for the agricultural use of sludge (GB4284-
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84). Choosing these for evaluation can further assess the feasibility of using hydrochar
for agricultural purposes, which is an important basis for the selection of these four
heavy metals in this study.
2.4 Data interpretation
The product yields were calculated as Eq.1 (Cao et al., 2019)

Yield (%) = my - (I—Ashp) % 100% 1

ield (%) = S,y < 100%, M)

where mp and m;y are the dry weights of the products and feedstock, respectively, and

Ashy and Ashy are the ash contents of the products and feedstock, respectively.

The energy density (ED) and energy yield (EY) were calculated by Eq. (2) and Eq. (3),

respectively:
— HHVuc
ED (%) = v, < 100%, 2)
EY (%) = Yield x ED, 3)

where HHVuc and HHVsst are the higher heating values (HHVSs) of the hydrochar and
SSL, respectively.
To evaluate the environmental risk of heavy metals in hydrochar, the geological

accumulation index (/geo) was computed as

Iyeo=Log, k‘; @
where C, is the heavy-metal content in hydrochar (mg/kg) and B, is the background
content of heavy metals (mg/kg) selected from the heavy-metal contents of soil in
Nanjing, where the SS samples were collected. k is a coefficient accounting for
fluctuations in the background values, typically set to 1.5.

3. Results and Discussion

10
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3.1 Carbon balance in UP-HTC

Based on the carbon content of samples and feedstock, the carbon balance of the
products in the UP-HTC process was shown in Figure 2. To clarify how the combined
process influences the distribution of hydrothermal products, the carbon balance
without pretreatment was determined as a control. As the carbon distribution depends
on the pretreatment conditions, the results are represented as boxplots. After the
ultrasonic pretreatment, 95.95% £ 1.92% of the carbon in the SS remains in the solid
phase and enters the subsequent HTC stage as feedstock; less than 5% of the carbon
coverts to the liquid phase because some aqueous organic matter dissolves during the
ultrasound application. In general, the organic matter content in the material is directly
proportional to the subsequent hydrochar yield, but a negative impact on the yield is
acceptable at low dissolution rates. In addition to the minimal impact of organic matter
loss on the yield of hydrochar, in practical engineering applications, the organic matter
in the LP can also be utilized through means such as aqueous phase recycling of HTC.
After the HTC stage of SS-u, the carbon proportions (based on the carbon content in
the original SS) in the hydrochar, oil phase products, and aqueous phase products were
47.39% + 6.22%, 18.18% =+ 6.32%, and 30.39% = 2.02%, respectively. Although the
carbon balance depended on the pretreatment parameters, the results (unlike the control
group) showed a consistent change trend. The carbon proportion increased 1.53% —
22.28 in the hydrochar (depended on pretreatment condition) but decreased in the oil-
phase products. These experimental results indicate that the ultrasonic pretreatment
changed the hydrothermal-conversion characteristics of the original SS and further

11
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affected the subsequent product distribution. The carbon balance results indicate that
the ultrasonic pretreatment promotes the conversion of oil-phase products to hydrochar
or enhances the product selectivity of hydrochar. The hydrochar is formed via
hydrolysis of macromolecular organic compounds in the SS to intermediate products
such as 5-HMF and formic acid, which are then polymerized into soluble polymers
(hydrochar precursors) followed by hydrochar formation (Guo et al.,, 2022).
Considering the formation pathway of hydrochar and decreased proportion of carbon
in the oil-phase products, the UP-HTC mechanism might be related to increased
hydrothermal reactivity of the SS after ultrasonic pretreatment. Vibrations and acoustic
cavitation generated by ultrasound might pre-decompose the organic matter in SS
during the ultrasonic pretreatment stage, accelerating the conversion to hydrochar in
subsequent HTC processes (Kapusta, 2018). Ultrasonic actions can also affect the
apparent structure of the material and consequently the heat- and mass-transfer
efficiency of the hydrothermal process (Wang et al.,, 2022). This speculation is
supported by the different carbon proportions in the product under different
pretreatment parameters. Changing the sound energy density and pretreatment time
alters the ultrasonic intensity, with possible variable impacts on the hydrothermal
activity of the feedstock. Ultimately, these impacts can change the product distribution.
However, the correlation between the ultrasonic pretreatment parameters and
subsequent yield and properties of the downstream hydrochar must be further

determined.
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Figure 2. Carbon balance of the UP-HTC process.

3.2 Effect of ultrasonic pretreatment on hydrochar yield

SS was pretreated at different ultrasonic energy densities and pretreatment times. The
HC-u yield was measured and compared with the control-group yield to clarify the
effect of ultrasonic pretreatment on hydrochar yield and the relationship between the
pretreatment parameters and yield. After ultrasonic pretreatment, the hydrochar yield
was equally higher than that of the control group (52.1%), indicating that ultrasonic
pretreatment promoted the generation of hydrochar. This result is consistent with the
obtained carbon balance. Moreover, the impact of ultrasonic pretreatment on yield was
correlated with the parameters. Under a fixed pretreatment time (15 min), the hydrochar
yield increased from 1.20% to 11.25% above the control-group yield as the sound
energy density increased from 0.6 to 1.4 W/mL (Figure 3a). Increasing the sound energy
density enhances the preliminary decomposition of macromolecular components in SS
during the ultrasonic pretreatment, thereby shortening the hydrolysis process of these
components and rapidly generating the hydrochar precursors. As intermediate-product

13
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formation must overcome several energy barriers during the HTC process (Guo et al.,
2022), it will benefit from the stronger energy provided by a higher sound energy
density. Meanwhile, when the sound energy density was fixed (1.0 W/mL) and the
pretreatment time was ranged from 5 to 30 min, the hydrochar yield remained steady
initially and then gradually decreased (Figure 3b). It was speculated that a constant
sound energy density provides a constant energy intensity during the pretreatment,
which may be insufficient for decomposition processes with higher energy barriers.
Prolonging the pretreatment time will not reduce the difficulty of decomposing the
corresponding organic matter but will cause loss of the organic matter in SS, which is
detrimental to the subsequent HTC stage. Therefore, the ultrasonic pretreatment
parameters should be appropriately selected to enhance the hydrochar yield. Within the
range of pretreatment conditions studied, 5 mins and 1.4 W/mL was identified as the

optimal pretreatment condition, achieving the highest hydrochar yield following rapid

pretreatment.
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Figure 3. Effect of (a) sound energy density and (b) pretreatment time on the

hydrochar yield.

3.3 Effect of ultrasonic pretreatment on hydrochar properties

The physicochemical properties of HC and HC-u were characterized to clarify the
impact of ultrasonic pretreatment on the hydrochar properties. The surface morphology
evolution after ultrasonic pretreatment was determined from SEM images of the
hydrochars (Figure 4a and 4b). HC-u presents a porous structure with denser channels
than HC, indicating higher fragmentation and porosity in HC-u than in HC. This
conclusion is further verified by the BET results (Table 1), which indicate a higher
specific surface area of the hydrochar after ultrasonic pretreatment. Pore structures in
the hydrochar were formed via release of volatile matter during devolatilization and
chemical-bond decomposition of the feedstock matrix (He et al., 2013). This process
should be enhanced after pretreatment, leading to changes in the hydrochar structure
downstream. This inference corresponds to the earlier speculation that ultrasonic
pretreatment promotes the hydrothermal reactivity of SS. The evolved apparent
structure of hydrochar has practical value because a high specific surface area facilitates

15



297  the subsequent utilization of hydrochar as a functional material such as adsorbents and

298  catalyst supports.

299
3 °
s 52
() [ ———
O |HC 2 e
£ E2 .
£ 2
2 Q1
T 200
< 1.0~ o
0.5 ‘ Decarbd;(yla\g,on
. . . . . 0.0 . — . .
4000 3500 3000 2500 2000 1500 1000 500 gg 02 04 0.6 0.8 10
300 Wavenumber (cm™') OIC atomic ratio
301 Figure 4. SEM images of (a) HC and (b) HC-u; (¢) FT-IR spectrum and (d) van
302 Krevelen diagram of sewage sludge and hydrochar.

Table 1. Brunauer—Emmett—Teller results: specific surface areas of the hydrochars

Samples HC HC-u

Specific surface area (m*/g) 15.78 19.47

303  The functional groups on the hydrochar surfaces were evaluated from FT—IR spectra of
304  the hydrochars (Figure 4¢). The functional group composition did not noticeably differ
305  between HC and HC-u but the pretreatment enhanced the peak intensities of the partial

306  functional groups. The peaks at 1640 cm ! and 1540 cm™! are attributed to stretching
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vibration of —C=0 in the carbonyl and carboxyl groups, respectively. The peak at 1010
cm ! is assigned to stretching vibrations of -C—O-R or —Si—O. The higher relative peak
intensities of HC-u than of HC indicate richer oxygen-containing functional groups on
the HC-u surface. The characteristic peak at 1450 cm ™! is also strengthened in the HC-
u spectrum. This peak is related to —C=C— stretching vibrations of aromatic-ring
carbons and usually indicates many aromatization reactions such as the aldol
condensation reaction during HTC. Therefore, ultrasonic pretreatment increases the
intensity of the feedstock reaction process.

Based on the elemental compositions of hydrochar, the evolutions of H/C and O/C
during the HTC process were explored on a van Krevelen diagram (Figure 4d). During
the hydrothermal process of SS, the main reaction pathway is the dehydration reaction,
which proceeds via direct dehydration of SS and intermolecular dehydration in the
polymerization reaction (Falco et al., 2011). The same result was reported in other
studies (Lu et al., 2022; Paiboonudomkarn et al., 2023). After the HTC process, the
elemental composition of hydrochar is similar to that of lignite. However, it is worth
noting that without ultrasonic pretreatment, direct HTC of SS is limited to a slight and
insufficient demethanation reaction. These findings are possibly related to the organic
composition of the tested SS. Macromolecular organic matter must be hydrolyzed prior
to hydrochar formation. When the SS contains a large amount of macromolecular
organic matter, the formation rate of hydrochar is limited by the hydrolysis-product
concentration. Therefore, the components and properties of SS are closely related to its
conversion reactivity in HTC. The high reactivity observed in direct HTC of SS
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reported in some studies may be attributed to the compositional differences of SS from
different wastewater treatment plants (Paiboonudomkarn et al., 2023). Ultrasonic
pretreatment improved the hydrothermal-conversion characteristics of the feedstock,
consistent with the above-discussed FT-IR results.

Solid fuel is an important application direction of hydrochar. Based on the yield and
HHYV of hydrochar, the EDs and EYs of hydrochar were determined under different
ultrasonic pretreatment parameters (Figure 5). Ultrasonic pretreatment improved the
ED and EY performances. The ED of HC-u was higher than that of HC (58.04%) but
was not strongly correlated with the pretreatment parameters. The impact of ultrasonic
pretreatment on the energy performance of hydrochar is related to the improved
hydrothermal-conversion characteristics of the feedstock. The pretreatment enhanced
the carbon distribution and hence the ED in the hydrochar product HC-u. As ultrasonic
pretreatment also promotes the hydrochar yield, it increased the overall EY by 9.56%
at maximum. The EY improvement of hydrochar has important practical significance,
because this means that the product value of hydrochar will further increase, it can

compensate the increased cost of adding a pretreatment step.
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349 3.4 Effect of ultrasonic pretreatment on the fate of heavy metals in hydrochar

350  The effects of the ultrasonic pretreatment parameters on the heavy metal risks of SS-
351  derived hydrochar were analyzed through a leaching test of the heavy metals. The
352  dependencies of the heavy-metal contents on sound energy density and pretreatment
353  time are presented in Figure 6a and b, respectively, and the leaching test results are
354  plotted in Figure 6c¢.
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Figure 6. Heavy-metal contents of hydrochar at different (a) sound energy densities
and (b) pretreatment times; (c) heavy-metal leaching rates from hydrochar; geological
accumulation index of hydrochar at different (e) sound energy densities and (f)
pretreatment times. *** denotes a p value of <0.01, and NS denotes a lack of
statistical significance between the treatment and control (p > 0.1), i.e., no
significance.

Pretreatment exerted different effects on different heavy metals in the hydrochar. The
Zn and Cr contents in HC-u were lower and higher, respectively, than those in HC.
However, as the sound energy density increased and the pretreatment time lengthened,
the Cr content in HC-u gradually decreased and finally approached that of HC. The Pb
contents showed no significant changes after pretreatment. The change in heavy-metal
content in the hydrochar after pretreatment can be explained by transfer of heavy metals
as metal ions to the aqueous phase during the pretreatment stage, which changes the

heavy-metal content in the HTC feedstock. The experimental results also demonstrate
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the correlation between pretreatment parameters and heavy metal control, attributable
to varying degrees of ultrasonic treatment which resulted in different transfers of heavy
metals. According to the findings, both the sound energy density and pretreatment time
impact heavy metal content in hydrochar. However, it is worth to note that the effect of
increasing sound energy density on heavy metal content diminishes after reaching 1
W/mL. This suggests that there may be a threshold for the influence of sound energy
density on the transfer of heavy metals during pretreatment. Optimal selection of sound
energy density could therefore enhance the process's economic viability. Moreover, as
the ultrasonic pretreatment influences the contents of functional groups in hydrochar, it
may further affect the chelation reaction of heavy metals.

During the continuous 48 hours leaching test of HC and HC-u, the leaching rates of all
heavy metals were below 5%. The pretreatment has little effect on the leaching rates of
Pb, Cu, and Cr, but substantially increased the leaching rate of Zn. At equilibrium, the
leaching rate of Zn increased by nearly four times after pretreatment (from 0.47% to
2.05%). However, as the total Zn content was reduced in HC-u, the increase in leaching
rate did not change the total leached amount. Finally, the potential risks of the heavy
metals risk were evaluated in terms of the geological accumulation index (Figure 6e
and 6f). The pollution risk of Zn gradually decreased with enhancement of the sound
ED or extension of the pretreatment time. The pollution risks of Cu, Cr, and Pb were
also correlated with the pretreatment parameters and could be reduced under
appropriate parameter settings. It should be noted that the bioavailability and potential
migration of heavy metals are also related to their occurrence forms in the environment.
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This aspect was not studied in the present test but sufficiently many experiments have
confirmed that HTC can reduce the exchangeable/acid-soluble and reducible fractions
of heavy metals (Duan et al., 2022; Liu et al., 2018). However, as hydrochar is broadly
expected as a soil-amendment material, the long-term risk of heavy-metal leaching
must be considered when applying large amounts of hydrochar to land in the future.
Therefore, technology that reduces the heavy-metal risk has definitive practical value.

3.5 Mechanism of the UP-HTC process

As discussed above, ultrasonic pretreatment improved the hydrothermal reactivity of
SS in the subsequent HTC process, thereby increasing the yield and improving the
properties of hydrochar. The SS was characterized before and after pretreatment to
explore the mechanism of the UP-HTC process.

Original SS showed a compact surface morphology (Figure 7a), whereas SS-u after
ultrasonic pretreatment presented a loose and porous surface (Figure 7b). Wang et al.
(2022) reported a loose morphology and porous structure of lignin feedstock after
anaerobic digestion pretreatment. They revealed that this morphological feature
improves the mass-transfer efficiency in the HTC process. The subcritical water in the
HTC process can quickly enter and fully contact the organic components in feedstock,
promoting the hydrolysis reaction and forming the key intermediate products of
hydrochar generation. As reported in subsection 3.3, HC-u was more porous than HC.
This porosity change can also be affected by the morphological evolution of the
feedstock. In addition, the SS particle sizes decreased after pretreatment (Figure 7c),
indicating that the pretreatment disperses the feedstock. This finding can be attributed
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to the fragmentation of larger SS particles. The crushed SS mixes well with the
subcritical water in the HTC, promoting hydrothermal reactivity within a limited
reaction time, as summarized in Figure 7d. These SS and SS-u characterizations further
reveal the mechanism by which ultrasonic pretreatment affects the yield and properties
of SS-derived hydrochar. In particular, the pretreatment affects the structural
characteristics of the feedstock, thereby intensifying the SS reaction in the HTC and
affecting the yield and properties of the product. The reaction medium in HTC is
subcritical water, which converts organic matter with excellent ability. Although a
sufficiently long HTC process can effectively generate hydrochar, ultrasonic
pretreatment can pre-decompose part of the substances within a limited HTC time,
thereby improving the overall processing efficiency compared to that of direct HTC.

(c)

[ ssL]ssLu
| ;
d10 d50 LT —

Characteristic particle size

. /J Hydrochar

Without ultrasonic | After ultrasonic

bcritical water
pretreatment  pretreatment

Intermediate products
Hydrothermal Carbonization Hydrothermal Carbonization

Figure 7. SEM images of (a) SS and (b) SS-u; (¢) particle size distributions of
hydrochar; (d) inferred mechanism of UP-HTC.
Although this study demonstrates the enhancement of hydrochar properties and the
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control of heavy metal pollution through pretreatment, the economic viability of UP-
HTC process in practical applications still needs further examination. The inclusion of
an additional pretreatment step will inevitably increase the overall process cost, with
foreseeable expenses including equipment investment and energy consumption for
pretreatment. Therefore, the trade-off between the value enhancement of hydrochar by
UP-HTC and the resulting cost increase needs to be evaluated after thorough
investigation. On one hand, further detailed studies on UP-HTC are necessary to clarify
the extent of improvement over direct HTC and the specific cost outlays; on the other
hand, the actual value enhancement of the product should be determined in conjunction
with the utilization pathways of hydrochar.

4. Conclusion

This study investigated the effect of ultrasonic pretreatment on the HTC process of SS.
Ultrasonic pretreatment improved the yield of hydrochar under all operation parameters.
The maximum yield increase was 11.25% at a sound energy density of 1.4 W/mL for
15 min. Ultrasonic pretreatment also improved the properties of hydrochar, increasing
the specific surface area and content of oxygen-containing functional groups in the
hydrochar and raising the ED and EY by 7.63% and 9.56%, respectively. Ultrasonic
pretreatment further affected the contents and leaching rates of heavy metals in the
hydrochar. The geological accumulation indices of Zn, Cu, Cr, and Pb were decreased
by ultrasonic pretreatment under appropriate settings of the pretreatment parameters.
Characterizing the SS before and after pretreatment, it was observed that ultrasonic
pretreatment improves the apparent structural properties of the feedstock and crushes
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the SS particles. As the particles in the feedstock were reduced in size, they easily

contacted the subcritical water and promoted the hydrothermal reactivity of SS. The

study provides new insights into the process optimization of HTC for resourceful SS
utilization. However, the parameters of the ultrasonic pretreatment must be optimized
in future work.
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