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Abstract: Hydrothermal carbonization (HTC) is a potentially valuable technology for 18 

sewage sludge treatment and resource utilization. This study proposes a combined 19 

process of ultrasonic pretreatment and HTC to improve the yield and properties of 20 

hydrochar derived from sewage sludge (SS). SS was ultrasonically pretreated at 21 

different sound energy densities (0.6 – 1.4 W/mL) and pretreatment times (5 – 30 min), 22 

and then HTC conducted for 4 h in an autoclave. Ultrasonic pretreatment markedly 23 

enhanced the apparent structure and particle size of the feedstock, thereby improving 24 

the hydrothermal reactivity of SS. After ultrasonic pretreatment at 1.4 W/mL for 15 min, 25 

the yield of hydrochar derived from SS was 11.25% higher than that obtained after 26 

direct HTC. The hydrochar yield was also correlated with the ultrasonic pretreatment 27 

parameters. Ultrasonic pretreatment increased the specific surface area and number of 28 

oxygen-containing functional groups of the hydrochar and increased the energy density 29 

and energy yield by at most 7.63% and 9.56%, respectively. The impact of ultrasonic 30 

pretreatment on the heavy-metal pollution risk of hydrochar was evaluated in terms of 31 

the geological acumination index. Pretreatment with appropriate ultrasonic parameters 32 

decreased the pollution risks of Zn, Cu, Cr, and Pb. This study provides a valuable 33 

perspective on combined feedstock pretreatment and HTC, increasing the product value 34 

of HTC of sewage sludge. 35 

Keywords: Sewage Sludge, Hydrothermal Carbonization, Ultrasonic Pretreatment, 36 

Hydrochar, Heavy Metal37 
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1. Introduction 38 

Sewage sludge (SS) is an inevitable by-product of wastewater treatment. SS contains a 39 

large amount of pollutants that easily cause secondary pollution of the environment 40 

unless properly treated and disposed (Hoang et al., 2022). Currently, common SS 41 

disposal methods include landfilling or incineration (single and co-incineration) after 42 

dewatering, land application(as soil or fertilizer) after anaerobic digestion, and 43 

utilization as raw material for material preparation. However, the high moisture content 44 

of SS (up to 80 wt.%) must be reduced through energy-intensive drying before disposal 45 

using landfilling and incineration (Liang et al., 2021); Land application still poses 46 

potential environmental pollution risks, and the efficiency of anaerobic digestion of SS 47 

is relatively low. Moreover, material preparation struggles to dispose all the SS, and the 48 

performance of the materials produced is not competitive. Meanwhile, the high organic 49 

matter content of SS (up to 50% dry weight) can be harnessed for biomass energy. 50 

Hydrothermal carbonization (HTC) has emerged as a wet organic feedstock-treatment 51 

technology in recent years (Tangredi et al., 2023). HTC converts the water in wet 52 

feedstock into subcritical water, providing a reaction medium for conversion of the 53 

organic matter in feedstock to hydrochar. The hydrochar is subsequently used as a solid 54 

fuel (Venna et al., 2021), functional material (Nogueira et al., 2019), or soil modifier 55 

(Chen et al., 2023). When applied as an SS treatment, HTC technology not only avoids 56 

the drying step but also achieves resource utilization of the organic matter in SS. 57 

Therefore, compared to conventional SS treatment technologies, HTC offers unique 58 

advantages: on one hand, it facilitates pollutant degradation and organic matter 59 
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utilization, which are shortcomings in landfill and land application of SS; on the other 60 

hand, HTC offers a balance between treatment efficiency (as compared to anaerobic 61 

digestion) and cost-effectiveness (as compared to incineration or pyrolysis).  62 

When SS is used as feedstock, the yield and properties of hydrochar are diminished by 63 

the complex organic composition of SS and must be improved. Macromolecular organic 64 

substances such as humus, protein, and lignin account for more than 60% of SS (Gong 65 

et al., 2016). These components are slowly hydrolyzed in subcritical water, yielding 66 

few intermediate products. Polymerization or condensation reactions of intermediates 67 

such as 5-hydroxymethylfurfural (HMF) are important pathways for the formation of 68 

hydrochar precursors. Therefore, to improve the hydrochar yield, one must improve the 69 

reaction extent of the macromolecular organic matter in SS. Most SS also contains 70 

heavy metals (Chen et al., 2022), which further accumulate in hydrochar. Although it 71 

has been reported that the risk of heavy metals after HTC is still within the limits of soil 72 

environmental standards (Fu et al., 2022), reducing the risk of heavy metals is still 73 

crucial for the safety and sustainable management of solid waste. Therefore, it is 74 

necessary to optimize the HTC process of SS in order to achieve higher hydrochar yield, 75 

while improving product properties and achieving heavy metal pollution control. 76 

Some studies have optimized the HTC process by adjusting the reaction parameters or 77 

applying additives (Nizamuddin et al., 2017). The reaction temperature is the most 78 

important parameter of HTC. Increasing the temperature decreases the yield and 79 

volatile content of hydrochar but increases the fixed carbon content and calorific value 80 

(Nawaz & Kumar, 2023). Extending the HTC residence time also improves the reaction 81 
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intensity to some extent (Akbari et al., 2022). As the dissolved intermediate products 82 

must be extensively polymerized to form hydrochar, the residence time is proportional 83 

to the hydrochar yield. Meanwhile, various types of additives have optimized different 84 

aspects of the HTC process. Zhang et al. (2023) reported that acid/alcohol additives 85 

promote the carbonization degree and yield of SS-derived hydrochar. Qi et al. (2022) 86 

reported that co-HTC of attapulgite and SS effectively increases the calorific value and 87 

reduces the bioavailability of heavy metals in hydrochar. Whereas the above studies 88 

optimize the HTC process, other studies have combined HTC with a feedstock 89 

pretreatment technology, which changes the hydrothermal-conversion adaptability of 90 

feedstock and hence improves the properties and yield of downstream products. 91 

pretreatment strategies can be integrated with existing regulatory methods of HTC to 92 

further optimize the generation of hydrochar. Moreover, compared to the use of 93 

additives, pretreatment avoids the risk of residual chemicals, thereby reducing 94 

environmental hazards associated with hydrochar. Most of these studies combine HTC 95 

with a biological pretreatment technology. For instance, Wang et al. (2022) pretreated 96 

garden waste with 7 – 28 days of anaerobic digestion prior to HTC. This pretreatment 97 

improved the surface composition and structural properties of the feedstock, thereby 98 

improving the properties of the downstream hydrochar. However, the long timeframes 99 

of many biological pretreatments lower the treatment efficiency. This problem can be 100 

resolved through physicochemical pretreatment methods. Wang et al. (2023) 101 

impregnated SS with liquefied dimethyl ether, which not only strengthened the mass-102 

transfer characteristics of SS and the subcritical water in the subsequent HTC, but also 103 
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increased the hydrochar porosity. Paini et al. (2021) combined HTC with a thermal 104 

hydrolysis pretreatment to enhance the hydrothermal reactivity of cellulose in plant 105 

biomass, the hydrothermal reactivity is the capacity of a substance to participate in 106 

chemical reactions in HTC and cellulose reactivity is mainly due to primary hydroxyl 107 

bonds of glycosidic rings, the pretreatment solubilized compounds that not only activate 108 

cellulose but also improve volatilization rate of lignin in feedstock by altering the 109 

thermal degradation of the whole structure. The above pretreatment methods mainly 110 

improve the structural properties of feedstock or induce pre-decomposition of the 111 

refractory organic components in feedstock, thereby improving its reactivity in the 112 

downstream HTC process. Similar effects are expected from ultrasound, which is 113 

highly directional, strongly penetrating, and generates acoustic cavitation and 114 

mechanical vibrations (Xu et al., 2019). Furthermore, ultrasonic pretreatment is an 115 

efficient process that removes the need (and hence the cost) of a reagent. Kapusta (2018) 116 

confirmed that ultrasonic pretreatment can effectively improve the hydrothermal-117 

conversion activity of SS; in particular, the bio-oil yield of SS during hydrothermal 118 

liquefaction at 320°C is increased after pretreatment. However, there are no reports of 119 

combining ultrasonic treatment with HTC process in current research.  120 

In the present study, ultrasonic pretreatment is coupled with HTC. The proposed method, 121 

named UP-HTC, aims to optimize the HTC process to improve the yield and 122 

performance of SS-derived hydorchar. Prior to HTC, the SS was ultrasonically 123 

pretreated under different operation parameters. The hydrochar yield, properties, and 124 

heavy-metal migration were determined and the effect of ultrasonic pretreatment on 125 
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hydrochar generation was assessed.  126 

2. Material and Methods 127 

2.1 Material 128 

The SS tested in the experiments was collected from Qiaobei wastewater treatment 129 

plants in Nanjing, Jiangsu province, China (the collection site is shown in the Figure 130 

S1). Prior to experiment, the SS was dried in an oven at 65°C, then ground into a 131 

uniform powder to prevent the effects of uneven feedstock composition on the 132 

experimental results. The properties of the SS are shown in Table S1. 133 

2.2 Experimental apparatus and procedures 134 

The experimental procedures included ultrasonic pretreatment, the HTC process, and 135 

product separation (Figure 1). The methods of each step are described below. 136 

 137 

Figure 1. Schematic overview of the experimental procedure. 138 

2.2.1 Ultrasonic pretreatment 139 

To prepare the SS slurry, the SS sample and distilled water were added to a beaker at a 140 

solid: liquid weight ratio of 1:10. The SS slurry was pretreated with an ultrasonic 141 

transmitter. During the pretreatment process, the sound energy density was controlled 142 

between 0.6 and 1.4 W/mL by adjusting the ultrasonic generator power. The 143 
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pretreatment time was also varied (5 – 30 min). In this study, considering that the 144 

pretreatment should be a rapid and low-consumption process, the range of the 145 

aforementioned variables was determined for preliminary investigation. After the 146 

ultrasonic pretreatment, the SS slurry was filtered to separate the solid and liquid phases 147 

(LP). The solid phase was dried at 65°C to obtain ultrasonically pretreated SS (SS-u) 148 

and the liquid-phase products were collected. 149 

2.2.2 HTC process 150 

The HTC experiment was conducted in a 50-mL 316L stainless steel autoclave 151 

equipped with temperature and pressure sensors. Two grams of the dried feedstock and 152 

20 mL of distilled water were placed in the autoclave and reacted for 4 hours at 180°C. 153 

The HTC parameters were determined based on our preliminary study (Wang et al., 154 

2023), which ensures a relatively complete hydrothermal conversion of the SS under 155 

these conditions. The setting of the solid/liquid ratio was referenced from previous 156 

research schemes (Wang et al., 2023) and is closer to the requirements of practical 157 

applications, particularly from the perspective of forming pumpable feedstock slurries. 158 

After the reaction, the products were separated according to the previous separation 159 

method to obtain solid-phase and liquid-phase products (Wang et al., 2023). The 160 

separated solid-phase product was oven-dried at 65°C to yield hydrochar as the dried 161 

solid-phase product. The hydrochars prepared from SS and SS-u were recorded as HC 162 

and HC-u, respectively. The liquid-phase product was a mixed aqueous–163 

dichloromethane (DCM) phase that separated while standing. The aqueous-phase 164 

product was labeled as AP and the DCM was removed from the DCM phase by nitrogen 165 
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to obtain an oil-phase product labeled as OP. 166 

2.2.3 Heavy-metal leaching experiment 167 

The heavy-metal risk of hydrochar was evaluated in a heavy-metal leaching experiment. 168 

Here, 0.2 g of hydrochar and 10 mL of distilled water were placed in a 50-mL centrifuge 169 

tube. The tube was placed in a water bath oscillator and shaken for 48 hours at 200 170 

r/min. During the oscillation process, the supernatant was sampled at regular intervals 171 

and filtered through a 0.22-µm membrane to obtain the hydrochar leaching solution. 172 

2.3 Product analysis 173 

The ash and volatile matter in the samples were determined according to the ASTM 174 

standard. The surface morphologies of the samples were observed using scanning 175 

electron microscopy (SEM) (Quanta FEG 250; FEI; USA) and the functional groups in 176 

the hydrochar were determined using Fourier transform infrared spectroscopy (FT–IR) 177 

(Alpha, Bruker, Germany). The organic elements in the sample were measured with an 178 

element analyzer (Unicube, Elementar, Germany). The carbon content of both solid 179 

phase samples and liquid phase samples were measured using a TOC analyzer (TOC-180 

V, Shimadzu, Japan). 181 

The heavy metals in the sample were digested by the alkaline fusion method (Uchida 182 

et al., 2005). The heavy-metal concentrations in the digested solution were then 183 

determined by inductively coupled plasma–optical emission spectrometry (ICP-OES; 184 

Optima 8000, PerkinElmer, USA). Four common heavy metals were identified in the 185 

SS, namely, Zn, Pb, Cr, and Cu. Additionally, these four heavy metals are subject to 186 

relevant restrictions in China's standards for the agricultural use of sludge (GB4284-187 
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84). Choosing these for evaluation can further assess the feasibility of using hydrochar 188 

for agricultural purposes, which is an important basis for the selection of these four 189 

heavy metals in this study. 190 

2.4 Data interpretation 191 

The product yields were calculated as Eq.1 (Cao et al., 2019) 192 

Yield (%) = 
mp · （1 - Ash

p
）

mf ·（1 - Ash
f
）

 × 100%, (1) 

where mp and mf are the dry weights of the products and feedstock, respectively, and 193 

Ashp and Ashf are the ash contents of the products and feedstock, respectively. 194 

The energy density (ED) and energy yield (EY) were calculated by Eq. (2) and Eq. (3), 195 

respectively: 196 

ED (%) = 
HHVHC

HHVSSL
 × 100%, (2) 

EY (%) = Yield × ED, (3) 

where HHVHC and HHVSSL are the higher heating values (HHVs) of the hydrochar and 197 

SSL, respectively.  198 

To evaluate the environmental risk of heavy metals in hydrochar, the geological 199 

accumulation index (Igeo) was computed as  200 

Igeo= Log
2

Cn

kBn

 (4) 

where Cn is the heavy-metal content in hydrochar (mg/kg) and Bn is the background 201 

content of heavy metals (mg/kg) selected from the heavy-metal contents of soil in 202 

Nanjing, where the SS samples were collected. k is a coefficient accounting for 203 

fluctuations in the background values, typically set to 1.5. 204 

3. Results and Discussion 205 
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3.1 Carbon balance in UP-HTC 206 

Based on the carbon content of samples and feedstock, the carbon balance of the 207 

products in the UP-HTC process was shown in Figure 2. To clarify how the combined 208 

process influences the distribution of hydrothermal products, the carbon balance 209 

without pretreatment was determined as a control. As the carbon distribution depends 210 

on the pretreatment conditions, the results are represented as boxplots. After the 211 

ultrasonic pretreatment, 95.95% ± 1.92% of the carbon in the SS remains in the solid 212 

phase and enters the subsequent HTC stage as feedstock; less than 5% of the carbon 213 

coverts to the liquid phase because some aqueous organic matter dissolves during the 214 

ultrasound application. In general, the organic matter content in the material is directly 215 

proportional to the subsequent hydrochar yield, but a negative impact on the yield is 216 

acceptable at low dissolution rates. In addition to the minimal impact of organic matter 217 

loss on the yield of hydrochar, in practical engineering applications, the organic matter 218 

in the LP can also be utilized through means such as aqueous phase recycling of HTC. 219 

After the HTC stage of SS-u, the carbon proportions (based on the carbon content in 220 

the original SS) in the hydrochar, oil phase products, and aqueous phase products were 221 

47.39% ± 6.22%, 18.18% ± 6.32%, and 30.39% ± 2.02%, respectively. Although the 222 

carbon balance depended on the pretreatment parameters, the results (unlike the control 223 

group) showed a consistent change trend. The carbon proportion increased 1.53% – 224 

22.28 in the hydrochar (depended on pretreatment condition) but decreased in the oil-225 

phase products. These experimental results indicate that the ultrasonic pretreatment 226 

changed the hydrothermal-conversion characteristics of the original SS and further 227 
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affected the subsequent product distribution. The carbon balance results indicate that 228 

the ultrasonic pretreatment promotes the conversion of oil-phase products to hydrochar 229 

or enhances the product selectivity of hydrochar. The hydrochar is formed via 230 

hydrolysis of macromolecular organic compounds in the SS to intermediate products 231 

such as 5-HMF and formic acid, which are then polymerized into soluble polymers 232 

(hydrochar precursors) followed by hydrochar formation (Guo et al., 2022). 233 

Considering the formation pathway of hydrochar and decreased proportion of carbon 234 

in the oil-phase products, the UP–HTC mechanism might be related to increased 235 

hydrothermal reactivity of the SS after ultrasonic pretreatment. Vibrations and acoustic 236 

cavitation generated by ultrasound might pre-decompose the organic matter in SS 237 

during the ultrasonic pretreatment stage, accelerating the conversion to hydrochar in 238 

subsequent HTC processes (Kapusta, 2018). Ultrasonic actions can also affect the 239 

apparent structure of the material and consequently the heat- and mass-transfer 240 

efficiency of the hydrothermal process (Wang et al., 2022). This speculation is 241 

supported by the different carbon proportions in the product under different 242 

pretreatment parameters. Changing the sound energy density and pretreatment time 243 

alters the ultrasonic intensity, with possible variable impacts on the hydrothermal 244 

activity of the feedstock. Ultimately, these impacts can change the product distribution. 245 

However, the correlation between the ultrasonic pretreatment parameters and 246 

subsequent yield and properties of the downstream hydrochar must be further 247 

determined. 248 
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 249 

Figure 2. Carbon balance of the UP–HTC process. 250 

3.2 Effect of ultrasonic pretreatment on hydrochar yield 251 

SS was pretreated at different ultrasonic energy densities and pretreatment times. The 252 

HC-u yield was measured and compared with the control-group yield to clarify the 253 

effect of ultrasonic pretreatment on hydrochar yield and the relationship between the 254 

pretreatment parameters and yield. After ultrasonic pretreatment, the hydrochar yield 255 

was equally higher than that of the control group (52.1%), indicating that ultrasonic 256 

pretreatment promoted the generation of hydrochar. This result is consistent with the 257 

obtained carbon balance. Moreover, the impact of ultrasonic pretreatment on yield was 258 

correlated with the parameters. Under a fixed pretreatment time (15 min), the hydrochar 259 

yield increased from 1.20% to 11.25% above the control-group yield as the sound 260 

energy density increased from 0.6 to 1.4 W/mL (Figure 3a). Increasing the sound energy 261 

density enhances the preliminary decomposition of macromolecular components in SS 262 

during the ultrasonic pretreatment, thereby shortening the hydrolysis process of these 263 

components and rapidly generating the hydrochar precursors. As intermediate-product 264 
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formation must overcome several energy barriers during the HTC process (Guo et al., 265 

2022), it will benefit from the stronger energy provided by a higher sound energy 266 

density. Meanwhile, when the sound energy density was fixed (1.0 W/mL) and the 267 

pretreatment time was ranged from 5 to 30 min, the hydrochar yield remained steady 268 

initially and then gradually decreased (Figure 3b). It was speculated that a constant 269 

sound energy density provides a constant energy intensity during the pretreatment, 270 

which may be insufficient for decomposition processes with higher energy barriers. 271 

Prolonging the pretreatment time will not reduce the difficulty of decomposing the 272 

corresponding organic matter but will cause loss of the organic matter in SS, which is 273 

detrimental to the subsequent HTC stage. Therefore, the ultrasonic pretreatment 274 

parameters should be appropriately selected to enhance the hydrochar yield. Within the 275 

range of pretreatment conditions studied, 5 mins and 1.4 W/mL was identified as the 276 

optimal pretreatment condition, achieving the highest hydrochar yield following rapid 277 

pretreatment. 278 

 279 
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 280 

Figure 3. Effect of (a) sound energy density and (b) pretreatment time on the 281 

hydrochar yield. 282 

3.3 Effect of ultrasonic pretreatment on hydrochar properties 283 

The physicochemical properties of HC and HC-u were characterized to clarify the 284 

impact of ultrasonic pretreatment on the hydrochar properties. The surface morphology 285 

evolution after ultrasonic pretreatment was determined from SEM images of the 286 

hydrochars (Figure 4a and 4b). HC-u presents a porous structure with denser channels 287 

than HC, indicating higher fragmentation and porosity in HC-u than in HC. This 288 

conclusion is further verified by the BET results (Table 1), which indicate a higher 289 

specific surface area of the hydrochar after ultrasonic pretreatment. Pore structures in 290 

the hydrochar were formed via release of volatile matter during devolatilization and 291 

chemical-bond decomposition of the feedstock matrix (He et al., 2013). This process 292 

should be enhanced after pretreatment, leading to changes in the hydrochar structure 293 

downstream. This inference corresponds to the earlier speculation that ultrasonic 294 

pretreatment promotes the hydrothermal reactivity of SS. The evolved apparent 295 

structure of hydrochar has practical value because a high specific surface area facilitates 296 
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the subsequent utilization of hydrochar as a functional material such as adsorbents and 297 

catalyst supports. 298 

 299 

 300 

Figure 4. SEM images of (a) HC and (b) HC-u; (c) FT–IR spectrum and (d) van 301 

Krevelen diagram of sewage sludge and hydrochar. 302 

Table 1. Brunauer–Emmett–Teller results: specific surface areas of the hydrochars 
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the hydrochars (Figure 4c). The functional group composition did not noticeably differ 304 
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vibration of –C=O in the carbonyl and carboxyl groups, respectively. The peak at 1010 307 

cm−1 is assigned to stretching vibrations of –C–O–R or –Si–O. The higher relative peak 308 

intensities of HC-u than of HC indicate richer oxygen-containing functional groups on 309 

the HC-u surface. The characteristic peak at 1450 cm−1 is also strengthened in the HC-310 

u spectrum. This peak is related to –C=C– stretching vibrations of aromatic-ring 311 

carbons and usually indicates many aromatization reactions such as the aldol 312 

condensation reaction during HTC. Therefore, ultrasonic pretreatment increases the 313 

intensity of the feedstock reaction process. 314 

Based on the elemental compositions of hydrochar, the evolutions of H/C and O/C 315 

during the HTC process were explored on a van Krevelen diagram (Figure 4d). During 316 

the hydrothermal process of SS, the main reaction pathway is the dehydration reaction, 317 

which proceeds via direct dehydration of SS and intermolecular dehydration in the 318 

polymerization reaction (Falco et al., 2011). The same result was reported in other 319 

studies (Lu et al., 2022; Paiboonudomkarn et al., 2023). After the HTC process, the 320 

elemental composition of hydrochar is similar to that of lignite. However, it is worth 321 

noting that without ultrasonic pretreatment, direct HTC of SS is limited to a slight and 322 

insufficient demethanation reaction. These findings are possibly related to the organic 323 

composition of the tested SS. Macromolecular organic matter must be hydrolyzed prior 324 

to hydrochar formation. When the SS contains a large amount of macromolecular 325 

organic matter, the formation rate of hydrochar is limited by the hydrolysis-product 326 

concentration. Therefore, the components and properties of SS are closely related to its 327 

conversion reactivity in HTC. The high reactivity observed in direct HTC of SS 328 
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reported in some studies may be attributed to the compositional differences of SS from 329 

different wastewater treatment plants (Paiboonudomkarn et al., 2023). Ultrasonic 330 

pretreatment improved the hydrothermal-conversion characteristics of the feedstock, 331 

consistent with the above-discussed FT-IR results. 332 

Solid fuel is an important application direction of hydrochar. Based on the yield and 333 

HHV of hydrochar, the EDs and EYs of hydrochar were determined under different 334 

ultrasonic pretreatment parameters (Figure 5). Ultrasonic pretreatment improved the 335 

ED and EY performances. The ED of HC-u was higher than that of HC (58.04%) but 336 

was not strongly correlated with the pretreatment parameters. The impact of ultrasonic 337 

pretreatment on the energy performance of hydrochar is related to the improved 338 

hydrothermal-conversion characteristics of the feedstock. The pretreatment enhanced 339 

the carbon distribution and hence the ED in the hydrochar product HC-u. As ultrasonic 340 

pretreatment also promotes the hydrochar yield, it increased the overall EY by 9.56% 341 

at maximum. The EY improvement of hydrochar has important practical significance, 342 

because this means that the product value of hydrochar will further increase, it can 343 

compensate the increased cost of adding a pretreatment step. 344 
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 345 

 346 

Figure 5. Effect of (a) pretreatment time and (b) sound energy density on the energy 347 

density (blue) and energy yield (green) of hydrochar 348 

3.4 Effect of ultrasonic pretreatment on the fate of heavy metals in hydrochar 349 

The effects of the ultrasonic pretreatment parameters on the heavy metal risks of SS-350 

derived hydrochar were analyzed through a leaching test of the heavy metals. The 351 

dependencies of the heavy-metal contents on sound energy density and pretreatment 352 

time are presented in Figure 6a and b, respectively, and the leaching test results are 353 

plotted in Figure 6c.  354 
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 355 

Figure 6. Heavy-metal contents of hydrochar at different (a) sound energy densities 356 

and (b) pretreatment times; (c) heavy-metal leaching rates from hydrochar; geological 357 

accumulation index of hydrochar at different (e) sound energy densities and (f) 358 

pretreatment times. *** denotes a p value of <0.01, and NS denotes a lack of 359 

statistical significance between the treatment and control (p > 0.1), i.e., no 360 

significance. 361 
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the correlation between pretreatment parameters and heavy metal control, attributable 370 

to varying degrees of ultrasonic treatment which resulted in different transfers of heavy 371 

metals. According to the findings, both the sound energy density and pretreatment time 372 

impact heavy metal content in hydrochar. However, it is worth to note that the effect of 373 

increasing sound energy density on heavy metal content diminishes after reaching 1 374 

W/mL. This suggests that there may be a threshold for the influence of sound energy 375 

density on the transfer of heavy metals during pretreatment. Optimal selection of sound 376 

energy density could therefore enhance the process's economic viability. Moreover, as 377 

the ultrasonic pretreatment influences the contents of functional groups in hydrochar, it 378 

may further affect the chelation reaction of heavy metals.  379 

During the continuous 48 hours leaching test of HC and HC-u, the leaching rates of all 380 

heavy metals were below 5%. The pretreatment has little effect on the leaching rates of 381 

Pb, Cu, and Cr, but substantially increased the leaching rate of Zn. At equilibrium, the 382 

leaching rate of Zn increased by nearly four times after pretreatment (from 0.47% to 383 

2.05%). However, as the total Zn content was reduced in HC-u, the increase in leaching 384 

rate did not change the total leached amount. Finally, the potential risks of the heavy 385 

metals risk were evaluated in terms of the geological accumulation index (Figure 6e 386 

and 6f). The pollution risk of Zn gradually decreased with enhancement of the sound 387 

ED or extension of the pretreatment time. The pollution risks of Cu, Cr, and Pb were 388 

also correlated with the pretreatment parameters and could be reduced under 389 

appropriate parameter settings. It should be noted that the bioavailability and potential 390 

migration of heavy metals are also related to their occurrence forms in the environment. 391 
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This aspect was not studied in the present test but sufficiently many experiments have 392 

confirmed that HTC can reduce the exchangeable/acid-soluble and reducible fractions 393 

of heavy metals (Duan et al., 2022; Liu et al., 2018). However, as hydrochar is broadly 394 

expected as a soil-amendment material, the long-term risk of heavy-metal leaching 395 

must be considered when applying large amounts of hydrochar to land in the future. 396 

Therefore, technology that reduces the heavy-metal risk has definitive practical value. 397 

3.5 Mechanism of the UP-HTC process 398 

As discussed above, ultrasonic pretreatment improved the hydrothermal reactivity of 399 

SS in the subsequent HTC process, thereby increasing the yield and improving the 400 

properties of hydrochar. The SS was characterized before and after pretreatment to 401 

explore the mechanism of the UP-HTC process. 402 

 Original SS showed a compact surface morphology (Figure 7a), whereas SS-u after 403 

ultrasonic pretreatment presented a loose and porous surface (Figure 7b). Wang et al. 404 

(2022) reported a loose morphology and porous structure of lignin feedstock after 405 

anaerobic digestion pretreatment. They revealed that this morphological feature 406 

improves the mass-transfer efficiency in the HTC process. The subcritical water in the 407 

HTC process can quickly enter and fully contact the organic components in feedstock, 408 

promoting the hydrolysis reaction and forming the key intermediate products of 409 

hydrochar generation. As reported in subsection 3.3, HC-u was more porous than HC. 410 

This porosity change can also be affected by the morphological evolution of the 411 

feedstock. In addition, the SS particle sizes decreased after pretreatment (Figure 7c), 412 

indicating that the pretreatment disperses the feedstock. This finding can be attributed 413 



 23  

 

to the fragmentation of larger SS particles. The crushed SS mixes well with the 414 

subcritical water in the HTC, promoting hydrothermal reactivity within a limited 415 

reaction time, as summarized in Figure 7d. These SS and SS-u characterizations further 416 

reveal the mechanism by which ultrasonic pretreatment affects the yield and properties 417 

of SS-derived hydrochar. In particular, the pretreatment affects the structural 418 

characteristics of the feedstock, thereby intensifying the SS reaction in the HTC and 419 

affecting the yield and properties of the product. The reaction medium in HTC is 420 

subcritical water, which converts organic matter with excellent ability. Although a 421 

sufficiently long HTC process can effectively generate hydrochar, ultrasonic 422 

pretreatment can pre-decompose part of the substances within a limited HTC time, 423 

thereby improving the overall processing efficiency compared to that of direct HTC. 424 

 425 

Figure 7. SEM images of (a) SS and (b) SS-u; (c) particle size distributions of 426 

hydrochar; (d) inferred mechanism of UP–HTC. 427 

Although this study demonstrates the enhancement of hydrochar properties and the 428 
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control of heavy metal pollution through pretreatment, the economic viability of UP-429 

HTC process in practical applications still needs further examination. The inclusion of 430 

an additional pretreatment step will inevitably increase the overall process cost, with 431 

foreseeable expenses including equipment investment and energy consumption for 432 

pretreatment. Therefore, the trade-off between the value enhancement of hydrochar by 433 

UP-HTC and the resulting cost increase needs to be evaluated after thorough 434 

investigation. On one hand, further detailed studies on UP-HTC are necessary to clarify 435 

the extent of improvement over direct HTC and the specific cost outlays; on the other 436 

hand, the actual value enhancement of the product should be determined in conjunction 437 

with the utilization pathways of hydrochar. 438 

4. Conclusion 439 

This study investigated the effect of ultrasonic pretreatment on the HTC process of SS. 440 

Ultrasonic pretreatment improved the yield of hydrochar under all operation parameters. 441 

The maximum yield increase was 11.25% at a sound energy density of 1.4 W/mL for 442 

15 min. Ultrasonic pretreatment also improved the properties of hydrochar, increasing 443 

the specific surface area and content of oxygen-containing functional groups in the 444 

hydrochar and raising the ED and EY by 7.63% and 9.56%, respectively. Ultrasonic 445 

pretreatment further affected the contents and leaching rates of heavy metals in the 446 

hydrochar. The geological accumulation indices of Zn, Cu, Cr, and Pb were decreased 447 

by ultrasonic pretreatment under appropriate settings of the pretreatment parameters. 448 

Characterizing the SS before and after pretreatment, it was observed that ultrasonic 449 

pretreatment improves the apparent structural properties of the feedstock and crushes 450 
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the SS particles. As the particles in the feedstock were reduced in size, they easily 451 

contacted the subcritical water and promoted the hydrothermal reactivity of SS. The 452 

study provides new insights into the process optimization of HTC for resourceful SS 453 

utilization. However, the parameters of the ultrasonic pretreatment must be optimized 454 

in future work. 455 

Acknowledgments 456 

This research was supported by the Natural Science Foundation of Jiangsu Province 457 

(BK20210655), the Postgraduate Research & Practice Innovation Program of Jiangsu 458 

Province (SJCX23_0414), the National Natural Science Foundation of China 459 

(52170099). The authors would like to thank the Mrs. Qian Zhang from Shiyanjia Lab 460 

(www.shiyanjia.com) for the SEM test. 461 

Reference 462 

Akbari, H., Akbari, H., Fanaei, F., Adibzadeh, A. 2022. Optimization of parameters 463 

affecting the hydrothermal carbonization of wastewater treatment plant sewage 464 

sludge. Biomass Conversion and Biorefinery. 465 

Cao, Z., Jung, D., Olszewski, M.P., Arauzo, P.J., Kruse, A. 2019. Hydrothermal 466 

carbonization of biogas digestate: Effect of digestate origin and process 467 

conditions. Waste Management, 100, 138-150. 468 

Chen, M., Oshita, K., Takaoka, M., Shiota, K. 2022. Co-incineration effect of sewage 469 

sludge and municipal solid waste on the behavior of heavy metals by 470 

phosphorus. Waste Management, 152, 112-117. 471 

Chen, X., Zhang, J., Lin, Q., Li, G., Zhao, X. 2023. Dispose of Chinese cabbage waste 472 



 26  

 

via hydrothermal carbonization: hydrochar characterization and its potential as 473 

a soil amendment. Environmental Science and Pollution Research, 30(2), 4592-474 

4602. 475 

Duan, Y., Gao, N., Sipra, A.T., Tong, K., Quan, C. 2022. Characterization of heavy 476 

metals and oil components in the products of oily sludge after hydrothermal 477 

treatment. Journal of Hazardous Materials, 424. 478 

Falco, C., Baccile, N., Titirici, M.-M. 2011. Morphological and structural differences 479 

between glucose, cellulose and lignocellulosic biomass derived hydrothermal 480 

carbons. Green Chemistry, 13(11), 3273-3281. 481 

Fu, H., Wang, B., Wang, H., Liu, H., Xie, H., Han, L., Wang, N., Sun, X., Feng, Y., Xue, 482 

L. 2022. Assessment of livestock manure-derived hydrochar as cleaner products: 483 

Insights into basic properties, nutrient composition, and heavy metal content. 484 

Journal of Cleaner Production, 330. 485 

Gong, M., Zhu, W., Zhang, H., Su, Y., Fan, Y. 2016. Polycyclic aromatic hydrocarbon 486 

formation from gasification of sewage sludge in supercritical water: The 487 

concentration distribution and effect of sludge properties. The Journal of 488 

Supercritical Fluids, 113, 112-118. 489 

Guo, S., Xu, D., Guo, X., Zhao, D., Li, X., Liu, T. 2022. Theoretical modeling of 490 

hydrochar precursor formation during the hydrothermal carbonization of 491 

sewage sludge. Fuel Processing Technology, 231. 492 

He, C., Giannis, A., Wang, J.-Y. 2013. Conversion of sewage sludge to clean solid fuel 493 

using hydrothermal carbonization: Hydrochar fuel characteristics and 494 



 27  

 

combustion behavior. Applied Energy, 111, 257-266. 495 

Hoang, S.A., Bolan, N., Madhubashani, A.M.P., Vithanage, M., Perera, V., Wijesekara, 496 

H., Wang, H.L., Srivastava, P., Kirkham, M.B., Mickan, B.S., Rinklebe, J., 497 

Siddique, K.H.M. 2022. Treatment processes to eliminate potential 498 

environmental hazards and restore agronomic value of sewage sludge: A review. 499 

Environmental Pollution, 293. 500 

Kapusta, K. 2018. Effect of ultrasound pretreatment of municipal sewage sludge on 501 

characteristics of bio-oil from hydrothermal liquefaction process. Waste 502 

Management, 78, 183-190. 503 

Liang, Y., Xu, D., Feng, P., Hao, B., Guo, Y., Wang, S., Klemes, J.J. 2021. Municipal 504 

sewage sludge incineration and its air pollution control. Journal of Cleaner 505 

Production, 295. 506 

Liu, T., Liu, Z., Zheng, Q., Lang, Q., Xia, Y., Peng, N., Gai, C. 2018. Effect of 507 

hydrothermal carbonization on migration and environmental risk of heavy 508 

metals in sewage sludge during pyrolysis. Bioresource Technology, 247, 282-509 

290. 510 

Lu, X., Ma, X., Qin, Z., Chen, X., Qi, X. 2022. Investigation of aqueous phase 511 

recirculation on co-hydrothermal carbonization of sewage sludge and lignite: 512 

Hydrochar properties and heavy metal chemical speciation. Journal of 513 

Environmental Chemical Engineering, 10(1). 514 

Nawaz, A., Kumar, P. 2023. Impact of temperature severity on hydrothermal 515 

carbonization: Fuel properties, kinetic and thermodynamic parameters. Fuel, 516 



 28  

 

336. 517 

Nizamuddin, S., Baloch, H.A., Griffin, G.J., Mubarak, N.M., Bhutto, A.W., Abro, R., 518 

Mazari, S.A., Ali, B.S. 2017. An overview of effect of process parameters on 519 

hydrothermal carbonization of biomass. Renewable & Sustainable Energy 520 

Reviews, 73, 1289-1299. 521 

Nogueira, G.D.R., Duarte, C.R., Barrozo, M.A.S. 2019. Hydrothermal carbonization of 522 

acerola (Malphigia emarginata DC) wastes and its application as an adsorbent. 523 

Waste Management, 95, 466-475. 524 

Paiboonudomkarn, S., Wantala, K., Lubphoo, Y., Khunphonoi, R. 2023. Conversion of 525 

sewage sludge from industrial wastewater treatment to solid fuel through 526 

hydrothermal carbonization process. Materials Today: Proceedings, 85-90. 527 

Paini, J., Benedetti, V., Menin, L., Baratieri, M., Patuzzi, F. 2021. Subcritical water 528 

hydrolysis coupled with hydrothermal carbonization for apple pomace 529 

integrated cascade valorization. Bioresource Technology, 342, 9. 530 

Qi, X., Ma, X.Q., Yu, Z.S., Lu, X.L., Liang, S., Teng, W. 2022. Addition of water 531 

hyacinth and attapulgite during hydrothermal carbonization of sewage sludge: 532 

Migration behavior of heavy metals and fuel characteristics of hydrochar. 533 

Journal of Environmental Chemical Engineering, 10(6), 11. 534 

Tangredi, A., Barca, C., Ferrasse, J.H., Boutin, O. 2023. Effect of process parameters 535 

on phosphorus conversion pathways during hydrothermal treatment of sewage 536 

sludge: A review. Chemical Engineering Journal, 463. 537 

Uchida, S., Tagami, K., Tabei, K. 2005. Comparison of alkaline fusion and acid 538 



 29  

 

digestion methods for the determination of rhenium in rock and soil samples by 539 

ICP-MS. Analytica Chimica Acta, 535, 317-323. 540 

Venna, S., Sharma, H.B., Reddy, P.H.P., Chowdhury, S., Dubey, B.K. 2021. Landfill 541 

leachate as an alternative moisture source for hydrothermal carbonization of 542 

municipal solid wastes to solid biofuels. Bioresource Technology, 320(Pt B), 543 

124410. 544 

Wang, C., Gui, B., Wu, C., Sun, J., Ling, X., Zhang, H., Zuo, X. 2023. Hydrothermal 545 

carbonization coupling with liquid dimethyl ether extraction pretreatment of 546 

sewage sludge: Hydrochar performance improvement and low-nitrogen 547 

biocrude production. Chemosphere, 313, 137581. 548 

Wang, C., Gui, B., Wu, C., He, C., Li, L., Ling, X., Zuo, X. 2023, Hydrothermal 549 

carbonization of sewage sludge coupled with Fenton oxidation pretreatment: 550 

Moderate oxidation to enhance hydrochar yield and properties. Journal of 551 

Environmental Chemical Engineering, 11, 110788. 552 

Wang, Y.S., Li, Y.H., Zhang, Y.X., Song, Y.J., Yan, B.B., Wu, W.Z., Zhong, L., Li, N., 553 

Chen, G.Y., Hou, L.A. 2022. Hydrothermal carbonization of garden waste by 554 

pretreatment with anaerobic digestion to improve hydrohcar performance and 555 

energy recovery. Science of the Total Environment, 807. 556 

Xu, X., Tu, R., Sun, Y., Wu, Y., Jiang, E., Zhen, J. 2019. The influence of combined 557 

pretreatment with surfactant/ultrasonic and hydrothermal carbonization on fuel 558 

properties, pyrolysis and combustion behavior of corn stalk. Bioresource 559 

Technology, 271, 427-438. 560 



 30  

 

Zhang, Q., Mu, K., Han, J., Qin, L., Zhao, B., Yi, L. 2023. Low nitrogen and high value 561 

hydrochar preparation through co-hydrothermal carbonization of sludge and 562 

saw dust with acid/alcohol assistance. Energy, 278, 128012. 563 


