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Article 
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Abstract: Disposal and treatment of excess sludge is a huge problem in waste water treatment plants. Discharge 

plasma oxidation is an effective approach for sludge dewatering and digestion. In this study, the excess sludge 

disintegration by non-thermal discharge plasma coupled with thiosulfate (TSA) was investigated. The soluble 

chemical oxygen demand (SCOD) increased to 404.93 mg L-1 after 20 min of single discharge plasma treatment, 

and it further increased to 549.08 mg L-1 after adding 15 mmol L-1 of TSA; the water content of filter cake also 

further decreased in the presence of TSA. There existed an appropriate TSA dosage. In the discharge plasma 

coupled with TSA system, reactive oxygen species (·OH and ·O2-) were produced and played important roles 

in sludge disintegration. The addition of TSA promoted the production of ·OH. These reactive oxygen species 

destroyed the floc structures and promoted the transformation of organic substances, leading to reduction in 

average size of sludge flocs. The ratio of soluble extracellular polymer substances (S-EPS) was enhanced, while 

the ratio of tightly bound fraction was reduced after treatment. Thus, discharge plasma coupled with TSA 

promoted the lysis of microbial cells and released intracellular organic matter and bound water, finally 

improving sludge dewaterability. 

Keywords: Excess sludge; Discharge plasma; Thiosulfate; Disintegration 

 

1. Introduction 

The development of human society leads to the production of more and more domestic sewage 

and industrial wastewater, which enters waste water treatment plants (WWTPs) [1]. At present, a 

large amount of excess sludge has been produced, which poses a great threat to the environment and 

human health [2]. It is estimated that more than 36 million tons of sewage sludge (approximately 80% 

moisture content) were produced in China in 2019. How to reasonably and safely dispose of these 

hazardous sludge has gained worldwide concerns [3]. It is well known that the high moisture content 

and poor dewatering performance of sewage sludge are the main obstacles, which seriously increases 

the operating costs of WWTPs. Sewage sludge contains both free and bound water [4], and the bound 

water is the most difficult to remove because it binds to sewage sludge components such as 

flocculants, especially extracellular polymers (EPS) [5]. Therefore, the removal of the bound water is 

a major challenge.  

Lots of sewage sludge processing techniques have been developed, such as mechanic and 

thermal treatment [7, 8], chemical methods [9, 10], microbiological treatment [11], ultrasound 

treatment [12], and microwave treatment [13]. Most of these methods can effectively realize sewage 

sludge dewatering, but also have certain drawbacks, such as long processing times, high costs, low 

utilization rates. As the volume of the sewage sludge increases, more efficient and faster processing 
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methods are needed. Advanced oxidation processes can produce strong oxidizing species (such as 

·OH, ·O2-, and ·SO4-), which can effectively crack the sewage sludge cells and achieve dehydration 

[14-17]. Due to the advantages of high efficiency, straightforward equipment, and environmental 

friendliness, non-thermal discharge plasma has garnered significant interest [18, 19]. The non-

thermal discharge plasma has been widely used in the prevention and control of gaseous pollutants 

[20], water pollution treatment [15], sterilization and disinfection [21]. Ozone is one of the main 

species produced in the non-thermal discharge plasma process [22, 23], which has been reported to 

improve the dewaterability of the sewage sludge [24]. Ozone is selective in the oxidation and 

degradation of organic matter. These drawbacks will reduce the efficiency of non-thermal discharge 

plasma treatment of the sewage sludge. It is important to improve the utilization of ozone in the non-

thermal discharge plasma process. 

Some reducing agents are generally used to catalyze ozone decomposition. Compared to 

nitrogen-containing reducing agents, sulfur-containing reducing agents do not generate toxic 

byproducts (e.g. N-nitrosodimethylamine, NDMA) [25]. In ozone systems, thiosulfate is often used 

as an ozone terminator [26, 27]. When the concentration of thiosulfate (TSA) is low, it can promote 

ozone to produce free radicals, and the reactions are shown as follows. It was reported that low 

concentration of TSA promoted ozone oxidation to achieve desulfurization and denitrification [28]. 

Yang et al. discovered that oxidation of refractory contaminants was significantly boosted by the 

addition of TSA at relatively low concentrations during ozonation process. Information regarding the 

potentials of TSA on promoting the dewatering of the sewage sludge in the non-thermal discharge 

plasma process is still lacking. 
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Thus, in this study the excess sludge disintegration by non-thermal discharge plasma coupled 

with  thiosulfate was investigated. The main objectives of this study are (1) to evaluate the effects of 

non-thermal discharge plasma coupled with  thiosulfate on sewage sludge dewatering, (2) to 

explore the process of sewage sludge dewatering, and (3) to unravel the reaction mechanisms of non-

thermal discharge plasma coupled with  thiosulfate on sewage sludge dewatering. 

2. Materials and Methods 

2.1. Sludge collection and chemicals 
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All sludge used in this study was sampled diurnally from the active sludge return unit of a 

WWTP (anaerobic-anoxic-oxic process, treatment capacity 40,000 m3 d-1), which is located in 

Yangling, Shaanxi, China (location: 108°4′27.95′′E, 34°16′56.24′′N). The collected sewage sludge was 

immediately transferred to the lab and stored in the refrigerator at 4 °C. Prior to all experiments, the 

sewage sludge was shaken well and brought back to room temperature. Sodium thiosulfate 

(Na2S2O3) was purchased from Kermel Chemical Reagent Co., Ltd. (Tianjin, China). Terephthalic 

acid (C8H6O4) and p-benzoquinone (C6H4O2) were purchased from Shanghai Macklin Biochemical 

Co., Ltd. (Shanghai, China). All the chemicals were of analytical grade and used without further 

purification. 

2.2. Experimental section 

The system of sewage sludge disintegration consisted of the discharge plasma system, the 

reverse-flow system, and the reactor, as shown in Figure 1. In the discharge plasma system, a stainless 

steel wire served as the discharge electrode (pitch 0.8 cm; length 10 cm), which was tightly placed 

into a quartz glass tube (inner diameter 1 cm; wall thickness 1 mm; length 15 cm). The quartz glass 

tube was used as the discharge barrier. The ground electrode consisted of the sewage sludge and the 

wire inserted into it. The air dried by a silica column was pumped into the quartz glass tube from the 

top, and the gas flow was controlled at 120 L h-1. An AC-stabilized power source (CTP-2000K) was 

used, which was purchased from Nanjing Suman Electronics Co., Ltd. (China). The discharge voltage 

was 3 kV and the discharge frequency was 7 kHz in this study. The reactor for sewage sludge 

disintegration was a plexiglass tube (inner diameter 4 cm; wall thickness 2 mm; length 25 cm). When 

the discharge plasma was triggered, the generated active species would enter the sewage sludge 

through an aerator at the bottom of the quartz glass tube. 

In each batch experiment, 300 mL of the raw sludge suspension with different concentrations of 

TSA were mixed and then added to the reaction vessel. A peristaltic pump was utilized to circulate 

the sewage sludge suspension during the treatment.  All the experiments were performed in 

triplicate. 

 

Figure 1. Schematic diagram of the sewage sludge disintegration system. 

2.3. Analytical methods 

The particle size distribution of sewage sludge flocs was determined with a laser diffraction 

particle size analyzer (Mastersizer APA 2000, Malvern Instruments Ltd, UK). The sewage sludge 

collected from treatments were centrifuged at 3000 rpm for 10 min, and the supernatant was 

separated. Then, the sewage sludge was freeze-dried and sputtered with gold prior to scanning 

electron microscopy (SEM) analysis. SEM images were collected using a cold field emission scanning 

electron microscope (SEM, Hitachi S-4800, Japan) at an accelerating voltage of 10.0 kV.  

The sewage sludge suspension was centrifuged in a 50 mL centrifuge tube at 3000 g for 10 min, 

and the supernatant was collected as soluble EPS (S-EPS). A heat extraction method was used to 

extract the loosely bound EPS (LB-EPS) and tightly bound EPS (TB-EPS) [30], as illustrated in Text S1 

in the Supporting Information. The dissolved organic carbon (DOC) in the EPS was detected with a 
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total organic carbon analyzer (TOC MultiN /CUV, Analytic Jena, Germany). Polysaccharides (PS) in 

EPS was quantified with the phenol-sulfuric acid process [31]. Protein (PN) in EPS was measured by 

the modified Lowry method [32]. The three-dimensional fluorescence spectrum (3D-EEM) of the 

various EPS fractions was measured using a fluorescence spectrometer (F-4600, Hitachi, Japan). 

Fourier transform infrared (FT-IR) spectroscopy of the EPS was determined with a Fourier infrared 

spectrum instrument (Vetex 70, Bruck, Germany). Fluorescence intensity was analyzed with a 

fluorescence spectrometer (F-4600, Hitachi, Japan). The soluble chemical oxygen demand (SCOD), 

the  settling velocity (SV30), and the sludge moisture content of filter cake (Wc%) of the sewage 

sludge were detected using the standard procedures [33]. 

3. Results and discussion 

3.1. Sewage sludge disintegration performance 

The change in SCOD in the sewage sludge can be used to gauge the effectiveness of sewage 

sludge disintegration [34]. As shown in Figure 2, when the TSA concentration was low (0 mmol L-1, 

1 mmol L-1, and 5 mmol L-1), the SCOD increased with the increase in the treatment time. When the 

concentration of TSA was high (10-20 mmol L-1), the SCOD decreased and had an inflection point. 

The inflection point of SCOD occurred after 15 min of reaction when the concentration of TSA was 

15 mmol L-1, whereas there was not an inflection point at the concentration of TSA 20 mmol L-1. 15 

mmol L-1 was the optimal amount of TSA in this system. At the low concentration of TSA, ozone can 

accelerate the production of free radicals, whereas high concentration of TSA will prevent the 

reactions [28, 29]. With the raising of TSA dosage, the SCOD increased in general after 20 min of 

processing. The SCOD of the untreated sludge was 222.38 mg L-1. The SCOD increased to 404.93 mg 

L-1 after 20 min of single discharge plasma treatment, and it further increased to 549.08 mg L-1 after 

adding 15 mmol L-1 of TSA. In the presence of low concentration of TSA, more amounts of free 

radicals would be generated, and the free radicals oxidized parts of organic matter in sludge into 

solution [34, 35]. 

 

Figure 2. Changes in SCOD with reaction time under different dosages of TSA. 

As shown in Figure 3, the moisture content of the filter cake decreased first and then increased 

with the TSA dosages. When the concentration of TSA was 15 mmol L-1, the water content of the 

filter cake was the lowest, which corroborated the results of SCOD. The moisture content of the filter 

cake after 20 min of discharge plasma treatment with 15 mmol L-1 of TSA was 83.55%. This was 

similar to the result of previous study [36]. These results also demonstrated that TSA was beneficial 

to improve the sludge dewatering in the discharge plasma process. 
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Figure 3. Changes in moisture content of the filter cake with TSA concentrations. 

3.2. Changes in sludge particle size and morphology during dewatering process 

As shown in Figure 4, the surface of the initial sewage sludge without treatment was compact 

and had a complete structure, which enhanced the ability of the sludge floc to bind water, thus 

making it difficult to dehydrate. After the discharge plasma treatment, the sludge floc became looser 

and finer, and the surface also became coarser, especially in the presence of TSA. The strong oxidizing 

free radicals generated by the discharge plasma system destroyed the microbial cells and the massive 

floc structure, and promoted the release of organic matter and water in the floc from the mud phase 

to the water phase [36]. On the other hand, the EPS wrapped on the surface of the floc was destroyed 

by the oxidation of free radicals, which led to it become rough and affected the spatial distribution of 

hydrophilic functional groups [37]. These phenomena were consistent with previous studies [36, 38]. 

 

Figure 4. SEM of sludge (a: Raw sludge; b: plasma treatment for 20 min; c-f: discharge plasma 

coupled with TSA treatment for 5, 10, 15, and 20 min, respectively). 

According to Figure 5a, the discharge plasma coupled with TSA treatment increased the 

proportion of small particle size (0.01-0.5, 0.5-1, 1-2, 2-5, 5-10, and 10-20 µm) of sludge, and the 

proportion was getting higher and higher in general with the processing. However, the proportion 

of large particle size (20-50, 50-100, 100-200, 200-250, 250-50, 500-1000, and >1000 µm) showed a 

gradually decreasing trend. This was consistent with the results of the sludge morphology. The 
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changes in average particle size and specific surface area of sludge particles under different 

treatments are visible in Figure 5b. After 5, 10, 15, and 20 min of treatment, the average particle size 

of the sludge gradually decreased from the initial 49.8 µm to 37.9, 34.7, 26.3, and 25.5 µm, while the 

specific surface area gradually increased from 0.746 m2/g to 0.978, 1.07, 1.41, and 1.46 m2/g, 

respectively. These were in line with previous studies [34,36]. The oxidizing species could destroyed 

the structure and integrity of the sludge floc, causing the floc to break into smaller particle-size 

fragments. 

 

Figure 5. Evolution of particle size distribution (a) and average size and specific surface area (b) of 

sludge samples. 

3.3. Changes in EPS distribution 

EPS is an important component of sludge, and it can affect the physical and chemical properties 

of sludge [3]. As illustrated in Figure 6a, the content of TB-EPS in the raw sludge (447.0 DOC mg L-

1) was much higher than the content of SPES (111.3 DOC mg L-1) and LB-EPS (112.8 DOC mg L-1) 

[39]. After discharge plasma coupled with TSA treatment, the contents of S-EPS and LB-EPS showed 

increasing trends, while the content of TB-EPS showed a decreasing trend. As observed from Figure 

6b, after 5, 10, 15, and 20 min of treatment, the proportion of TB-EPS gradually decreased from 66.6% 

to 64.8%, 63.8%, 55.1%, and 46.2%; S-EPS gradually increased from 16.6% to 19.6%, 22.1%, 23.0%, and 

30.5%. Protein and polysaccharide are considered to be the two most important components of EPS, 

and the ratio of protein to polysaccharide content is considered as an important indicator to 

characterize the dewatering performance of sludge [40]. In Figure 6c-6d, the changes in protein 

contents and ratio of protein to polysaccharide were consistent with the changes of EPS, which were 

consistent with previous studies [39, 41]. 

These results indicated that the discharge plasma coupled with TSA treatment could affect the 

evolution of different types of EPS. On the one hand, the free radicals generated in the discharge 

plasma coupled with TSA system could directly destroy the free microbial cells or penetrate into the 

interior of the sludge floc, resulting in the release of a large amount of intracellular organic matter, 

which was manifested by the increased EPS contents [34, 42]. On the other hand, due to the 

fragmentation of floc and the redistribution of organic matter wrapped in floc during the cracking 

process of sludge, the internal EPS was continuously transformed into the external EPS [43]. 
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Figure 6. Evolution of EPS distribution (a: content; b: ratio) and its composition (c: protein; d: 

C(protein)/C(polysaccharide)). 

3D-EEM is often used to characterize the changes of organic components in EPS [44, 45]. As 

shown in Figures S1-S3, the 3D-EEM spectra of EPS of the initial sludge samples showed two 

fluorescence peaks (A and B), and their specific locations (EX/EM) were roughly 280/330 nm (peak 

A) and 225/325 nm (peak B), corresponding to soluble microbial by-products and aromatic proteins, 

respectively [44, 45]. Two main fluorescence components (C1 and C2) in the 3D-EEM spectra of EPS 

were diagnosed, and their changes are shown in Figure 7. The C1 and C2 corresponded to aromatic 

proteins and soluble microbial by-products, respectively. The relative fluorescence intensities of C1 

and C2 gradually increased in S-EPS and LB-EPS. These could be due to the combined actions of the 

lysing of microbial cells (including free microorganisms in the water phase and encapsulated 

microorganisms in the mud phase), the transfer of organic components (from TB-EPS to S-EPS and 

LB-EPS), and the oxidative degradation of organic matter by free radicals. The relative fluorescence 

intensities of C1 and C2 gradually decreased in TB-EPS, which was mainly caused by the transfer of 

organic components in TB-EPS and the lysis of microorganisms in the mud phase. TB-EPS was 

initially dominated by the lysis of microorganisms and then mainly by the transfer of organic 

components. These findings were similar to those previous studies [35, 46]. 
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Figure 7. Relative fluorescence intensities of C1 and C2 under different treatments compared with 

raw sludge. 

3.4. Mechanisms of sludge cracking  

To analyze the mechanisms of cracking sludge in the discharge plasma coupled with TSA 

system, radical quenching experiments were conducted by adding the trapping agents. ·OH and ·O2- 

can be inhibited by isopropyl alcohol and p-benzoquinone, respectively [25]. As shown in Figure 8, 

with the increase in p-benzoquinone concentration, the settling velocity (SV30) of sludge increased, 

and the contents of protein and polysaccharide in EPS showed obvious decreasing trends. 

Analogously, the addition of isopropanol also exhibited the similar effects, as shown in Figure 9. 

These results showed that ·OH and ·O2- played important roles in sludge cracking process. As shown 

in Figure 8 and Figure 9, the influence of ·OH on EPS components was greater than that of ·O2-. 

Therefore, ·OH played more important roles. 

 

Figure 8. Effect of p-benzoquinone on SV30 (a), protein (b), and polysaccharide (c) in sludge. 

 

Figure 9. Effect of isopropanol on SV30 (a), protein (b), and polysaccharide (c) in sludge. 
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To further verify the role of free radicals, the ·OH produced by the discharge plasma coupled 

with TSA system was analyzed by fluorescence analysis, and terephthalic acid (PTA) was used as an 

indicator of ·OH [47, 48]. As shown in Figure 10, with the increase in TSA concentration, the content 

of hydroxy-terephthalic acid (HTA) produced by reactions of PTA with ·OH increased, which proved 

the existence and roles of ·OH in the system. To better study the relationship between the 

concentration of ·OH and the amount of TSA, a semi-quantitative analysis of the fluorescence 

intensity of HTA under different amounts of TSA was carried out. As shown in Figure 10b, with the 

increase in TSA concentration, the fluorescence intensity of HTA increased almost linearly. That is, 

the ·OH produced by the discharge plasma also increased linearly with TSA addition. This was in 

line with a previous study [29]. 

 

Figure 10. Fluorescence intensity of ·OH with the concentration of TSA (a) and the intensity of HTA 

as a function of TSA (b). 

4. Conclusions 

In this study, the effect of discharge plasma coupled with thiosulfate on sludge disintegration 

was evaluated. Discharge plasma oxidation coupled with thiosulfate promoted the sludge 

disintegration under the optimal dosage. During the treatment, reactive oxygen species (·OH and 

·O2-) oxidation could cause cell lysis and destruction of sludge flocs, which together induced the 

enhancement of EPS content and redistribution between different EPS fractions. 3D-EEM and 

PARAFC modeling analysis of EPS concluded that the migration and decomposition of EPS were the 

main processes for the EPS changing. The intact and dense surface morphology of the sludge flocs 

was destroyed into more fragmented ones, accompanied with increased a large number of small 

particles. Meanwhile, the intracellular bound water in the sludge flocs was released outside as free 

water. On the basis of this study, further studies can be conducted on carrying out batch tests outside 

the lab. 

Supplementary Materials: Figures S1-S3 represent 3D-EEM of EPS. Text S1 includes extraction of various EPS. 
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