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With increase in the construction of urban sewage treatment plants, the output of sludge also surges.

Therefore, it is highly important to explore effective ways to reduce the production of sludge. In this

study, non-thermal discharge plasmas were proposed to crack the excess sludge. High sludge settling

performance was obtained, and the settling velocity (SV30) dramatically decreased from the initial value

of 96% to 36% after 60 min of treatment at 20 kV, accompanied by 28.6%, 47.5%, and 76.7% decreases

in mixed liquor suspended solids (MLSS), sludge volume index (SVI), and sludge viscosity, respectively.

Acidic conditions improved the sludge settling performance. The presence of Cl− and NO3
− slightly

promoted the SV30, but CO3
2− has adverse effects. $OH and O2c

− in the non-thermal discharge plasma

system contributed to the sludge cracking, especially for $OH. These reactive oxygen species destroyed

the sludge floc structure; as a result, the total organic carbon and dissolved chemical oxygen demand

obviously increased, the average particle size of the sludge decreased, and the number of coliform

bacteria was also reduced. Furthermore, the microbial community abundance and diversity both

decreased in the sludge after the plasma treatment.
1. Introduction

The activated sludge process is one of the most widely used
biological wastewater treatment technologies in the world. It
has the advantages of low investment, high efficiency, and
mature application.1–3 With increasing construction of urban
sewage treatment plants, the output of sludge also surges. It was
reported that the annual sewage treatment capacity reached
52.5 billion m3 in 2019, and the excess sludge production was
also up to 263 million m3.3 The excess sludge is a bacterial
micellar plume composed of microorganisms, insoluble
organic matter, inorganic suspended substances, and colloidal
substances in wastewater, which contains a large amount of
water (more than 90%)1,3 and has poor chemical stability.4 In
addition, there are a large number of toxic and harmful
substances in the excess sludge, such as parasite eggs, viruses,
pathogens, heavy metal ions, and refractory organic pollutants.
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These harmful substances can cause serious risks to human
health and ecological environment through various ways. It is
currently a hot topic to effectively treat and dispose the excess
sludge in the international environmental eld.

Adjusting its production process reasonably and realizing
sludge reduction from the source is considered to be an effec-
tive way to solve the problem of excess sludge. In recent years,
some sludge reduction technologies based on uncoupling
metabolism, biological predation, and the enhancement of
microbial recessive growth have been proposed.5–8 Among
them, the sludge reduction technology that enhances microbial
recessive growth has attracted wide attention. It utilizes various
cytolytic technologies to kill bacteria quickly and decompose
them into a matrix that can be in turn used by other bacteria to
nally realize sludge reduction.7,8 The commonly used cytolytic
techniques mainly include physical methods such as heating
and ultrasonic strengthening,9,10 chemical methods such as
ozonation, chlorination, and acid–base adjustment11–13 and
biological treatment.14 The process of cytolysis via heating easily
worsens the occulation of bacteria and produces a lot of foam.
The cost of ultrasonic treatment is relatively high, and the
sludge reduction performance is usually not satised. Chloro-
form and other harmful byproducts will be produced in the
process of chlorination of excess sludge. Ozonation can effec-
tively achieve sludge reduction, but the residual ozone affects
the microbial activities in the subsequent biochemical treat-
ment of wastewater. The reaction of ozone with bromine ions in
RSC Adv., 2023, 13, 19869–19880 | 19869
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Fig. 1 Experimental setup of the discharge plasma system for sludge
treatment.
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the wastewater will also produce dangerous bromate. Acid–base
adjustment cytolysis corrodes the equipment and increases the
operation cost due to the addition of a large number of acid and
base reagents. The use of microorganisms with specic func-
tions can enhance sludge cytolysis, but it is difficult to screen,
acclimate, and improve the specic bacteria. Therefore, it is of
great practical signicance to explore other efficient methods
for sludge reduction.

Discharge plasmas use an advanced oxidation technology
integrating photochemistry and electrochemical oxidation,
which has been widely concerned in the eld of water steriliza-
tion and disinfection.15–17 Under the action of an applied electric
eld, high-energy electrons generated by the high electric eld
bombard gas molecules to produce a large number of reactive
oxygen species (such as 1O2 and $OH), which can break the cell
wall of bacteria and cause death. Kang et al.18 inactivated
Salmonella typhimurium by the discharge plasma and found that
the reactive oxygen species attacks played a decisive role. Ching
et al.19 and Gupta et al.20 used the discharge plasma to treat
Escherichia coli in water, and found that ultraviolet light partic-
ipated in the generation of the reactive oxygen species and thus
contributed to the inactivation of Escherichia coli. These previous
studiesmainly focused on the inactivation of bacteria in water by
the discharge plasma, but paid little attention to the sludge lysis.
In addition, it was reported that the discharge plasma can
decompose protein bers into small molecules in aqueous
solutions.21 Organic matter that is difficult to biodegrade in
water can also be oxidized into biodegradable small molecules
by the discharge plasma to improve subsequent bioavail-
ability.22,23 In our recent study, we have found that the discharge
plasma can lead to release of cell-bound water in the excess
sludge, and thus improve the dehydration performance.24

However, the effects of the discharge plasma on sludge settling
performance and its potential mechanisms remain unclear.

Based on this, the discharge plasma was proposed to crack and
reduce the excess sludge. First, the effects of the discharge plasma
treatment on the settling performance were assessed under
different operating conditions including voltage, sludge mixture
pH, and coexisting inorganic ions. Then, changes in the proper-
ties of the sludge supernatant and sludge solid phase during the
discharge plasma treatment were characterized. Subsequently,
the roles of the reactive oxygen species in sludge settling were
evaluated. Finally, the changes in the microbial community in
sludge and coliform numbers were also monitored. It is expected
to provide an alternative option for sludge reduction.

2. Experimental section
2.1 Sludge sampling and reagents

The sludge used in the experiment was sampled from the sludge
reux pump unit of a sewage treatment plant in Yangling,
Shaanxi Province, China. The sewage treatment plant adopts
the A2/O process to treat approximately 40 000 m3 of sewage per
day. Aer collection, the sludge was stored at 4 °C. Before use,
the sludge mixture was mixed thoroughly and returned to
normal temperature. The pH of the original sludge used in the
experiment was 6.9–7.1, the mixed liquor suspended solids
19870 | RSC Adv., 2023, 13, 19869–19880
(MLSS) was 5630 mg L−1, the settling velocity (SV30) was 96%,
and the dissolved chemical oxygen demand (SCOD) was
46.8 mg L−1. Guaranteed reagents isopropanol (IPA) and p-
benzoquinone (BQ) were bought from Shanghai Maclin
Biochemical Technology Co., LTD. Magnetic bead method soil
genomic DNA extraction kit was bought from Shanghai Shen-
gong Biological Engineering Co., LTD.

2.2 Discharge plasma system for sludge cracking

The experimental setup of the discharge plasma system for sludge
treatment is shown in Fig. 1, which is similar to our previous
study.17 The sludge cracking experimental setup included a high-
voltage discharge system and a sludge cracking vessel. The
power supply used in this study was a high-voltage AC purchased
from Dalian University of Technology, China. The voltage range
was 0–30 kV and the frequency was 50 Hz. A stainless steel spring
was used as the high-voltage discharge electrode (diameter 1 cm,
pitch 0.8 cm, and length 10 cm), which was inset closely in
a quartz glass tube (diameter 1 cm, wall thickness 1 mm, and
length 15 cm). The ground electrode consisted of the sludge
mixture and a conductive wire. From the upper end of the quartz
glass tube, dried air passing through a silica column was pumped.
When a high voltage was applied, the high-voltage electric eld
ionized the air to produce various reactive oxygen species. These
reactive oxygen species would enter the sludgemixture through an
aerator at the lower end of the quartz glass tube. The sludge
cracking vessel was a quartz glass tube (inner diameter 4 cm, wall
thickness 2 mm, and length 25 cm). Then, 200 mL of sludge
mixture was treated in each experiment. The ventilation rate was
stabilized at 60 L h−1. Aer treatment, all the sludge mixture was
taken out to measure various indexes. All tests and measurement
were paralleled three times.

2.3 Analytical methods

The SV30 of sludge was measured as follows. Aer the discharge
plasma treatment, 100 mL of sludge mixture was sampled and
placed in the measuring cylinder. Aer settling for 30 min, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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volume of precipitated sludge divided by the total volume of the
sludge mixture was the SV30.25 The MLSS was measured by
a constant weight method.25 The sludge volume index (SVI) was
calculated by the ratio of SV30/MLSS. The sludge mixture was
centrifuged in a centrifuge at a speed of 5000 rpm for 15 min,
and the supernatant was ltered through a 0.45 mm lter
membrane. SCOD in the obtained ltrate was measured by
a potassium dichromate oxidation method.11,12 The sludge
viscosity was determined using a miniature digital display
viscometer (NDJ-8S, Shanghai Youyi Instrument Co., LTD.). A
eld emission scanning electron microscope (SEM, S-4800,
Hitachi) was used to observe the surface morphology of the
sludge. The particle size of the sludge was analyzed using a laser
particle size analyzer (APA2000, Malvern). The total organic
carbon (TOC) of the sludge was monitored using a total organic
carbon analyzer (TOC MultiN/CUV, Germany).

A Miseq sequencing platform (Shanghai Sangong Bioengi-
neering Co., LTD) was used to conduct 16S rRNA high-
throughput sequencing for microorganisms in the sludge and
water phase. The E.Z.N.A™ Mag-Bind Soil DNA Kit was used to
extract DNA from 0.5 g fresh sludge samples following the
manufacturer's instruction. According to the selected
sequencing region, highly specic primers with Barcode were
used for two-round PCR amplication of the target sequence,
and the PCR products were puried for library construction and
Fig. 2 Effects of discharge voltage on sludge settling (a: SV30; b: MLSS;

© 2023 The Author(s). Published by the Royal Society of Chemistry
quality inspection. Ion S5™XL was used for computer
sequencing. Three bioparallel tests were performed for each
treatment condition. V3–V4 regions were selected for ampli-
cation with primers 341F: CCTACGGGNGGCWGCAG and 805R:
GACTACHVGGGTATCTAATCC. All the clean reads obtained
from the second-generation sequencing were clustered into
Operational Taxonomic Units (OTUs) with 97% consistency,
and the representative sequences of each OTU were screened
out and compared with the RDP database for species annota-
tion. The coverage index was used to analyze the depth of
sequencing, and the Chao index and ACE index were used to
analyze the abundance of microbial ora. The diversity of
microbial ora was analyzed by the Shannon index and Simp-
son index. The R language was used to analyze the differences in
the composition of different microbial communities.

3. Results and discussion
3.1 Effects of discharge voltage on sludge settling

Fig. 2a shows the variation in SV30 with treatment time at
different discharge voltages. Under the same treatment time,
the SV30 value decreased signicantly with the increase in
discharge voltage. When the voltage increased from 14 kV to 20
kV, the SV30 value decreased from 84% to 36% aer 60 min of
treatment. Fig. 2b shows the variation in MLSS with treatment
c: SVI; d: viscosity).

RSC Adv., 2023, 13, 19869–19880 | 19871
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time at different discharge voltages. MLSS decreased with the
increase in discharge voltage. When the discharge voltage was
14 kV, the MLSS concentration decreased to 5200 mg L−1 aer
60min of treatment, and the reduction rate was 7.6%.When the
voltage was 20 kV, the MLSS concentration decreased to
4020 mg L−1 aer 60 min of treatment, and the reduction rate
was 28.6%. Fig. 2c shows the changes in SVI with the processing
time at different voltages. Aer the discharge plasma treatment,
the SVI decreased gradually. When the voltage was 14 kV, the
SVI was 161.54 mL g−1 aer 60 min of treatment, and the
reduction rate was only 3.79%. When the voltage was 20 kV, the
reduction rate of the SVI was 47.48%. It is generally believed
that low viscosity means weak water retention ability.26 Fig. 2d
shows the changes in sludge viscosity with the treatment time at
different voltages. The viscosity of sludge decreased with the
increase in voltage. When the voltage was 14 kV, the sludge
viscosity was 11.27 mPa s aer 60 min of treatment, whereas it
decreased to 8.23 mPa s at 20 kV. These phenomena were
similar to the conclusions of previous studies.27 With the
increase in discharge voltage and the extension of discharge
treatment time, a large number of strong oxidizing reactive
oxygen species were generated, which destroyed the structure of
the sludge oc.28 Along with the cracking of the sludge oc,
a large number of organic matter and water were released from
Fig. 3 Effects of sludge mixture pH on sludge settling (a: SV30; b: MLSS

19872 | RSC Adv., 2023, 13, 19869–19880
the sludge oc and microbial cells into the aqueous phase,
resulting in a reduction in MLSS and an increase in oc density,
which improved the settling performance of sludge.29

3.2 Effects of sludge mixture pH on sludge settling

The solution pH affects the solubility of organic molecules
including proteins and polysaccharides,30 as well as the cytol-
ysis.31 Fig. 3a shows the changes in SV30 with the treatment time
under different pH conditions. The acidic condition improved
the sludge settling performance. The SV30 value was 32% aer
60 min of treatment at a sludge pH of 3, and it was 76% at pH
11. Fig. 3b shows the variation in MLSS with the treatment time
under different pH conditions. The MLSS was 5460 mg L−1 aer
60 min of discharge treatment under the condition of pH 3, and
the decrease rate was only 5.04%. At pH 11, the MLSS decreased
to 3780 mg L−1 aer 60 min of treatment, with a decrease rate of
32.86%. The acidity and alkalinity affected the osmotic pressure
and extracellular polymeric substance decomposition in cells.
Protein would condense under acidic conditions, increasing the
MLSS concentration.13 Fig. 3c shows the changes in SVI with the
treatment time under different pH conditions. Acidic condi-
tions signicantly improved the SVI. When the pH was 3, the
SVI decreased from the original value 166.96 to 58.61 mL g−1

aer 60 min of treatment, and the sludge settling performance
; c: SVI).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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was signicantly improved. However, the SVI was almost
unchanged aer 60 min of treatment at pH 11.
3.3 Effects of coexisting ions on sludge settling

Fig. 4a shows the changes in SV30 with the treatment time at
different Cl− concentrations. The higher concentration of Cl−

increased the sludge settling performance. When the concen-
tration of Cl− increased from 0 to 8 mmol L−1 in the sludge, the
SV30 decreased from 36% to 31% aer 60 min of treatment. The
presence of Cl− enhanced the degradation rate of pollutants.32

Cl− could react with $OH to form Cl$ and OH−, and Cl$ further
induced the formation of hypochlorous acid, which reacted
with hydrogen peroxide to form singlet oxygen.33 The singlet
oxygen had a strong oxidation ability, which could oxidize
sludge cells to crack them and improve the settling perfor-
mance.11,12 Fig. 4b shows the changes in SV30 with the treatment
time at different NO3

− concentrations. Similar to the effect of
Cl−, SV30 was also slightly improved with the increase in NO3

−

concentration. When the concentration of NO3
− increased from

0 to 8 mmol L−1, SV30 decreased from 64% to 50% aer 30 min
of treatment. Nitrate could react with $O to produce $OH and
NO�

3; the oxidation potential of NO�
3 was 2.30–2.60 V, promoting

the inactivation of bacteria.34,35
Fig. 4 Effects of coexisting ions on SV30 of sludge (a: Cl−; b: NO3
−; c: C

© 2023 The Author(s). Published by the Royal Society of Chemistry
NO3
� þH2OþO�/NO�

3 þOH� þHO� k ¼ 1:4� 108M�1 s�1

(1)

Fig. 4c shows the changes in SV30 with the treatment time at
different CO3

2− concentrations. The addition of CO3
2− inhibi-

ted the sludge settling performance. When the concentration of
CO3

2− increased from 0 to 8 mmol L−1, SV30 increased from
36% to 47% aer 60 min of treatment discharge. Previous
studies have reported that CO3

2− could react with $OH and
consume it, and the reaction rate constant was about 4.0 × 108

M−1 s−1.36 These reactions produced less active radical CO3c
−.37

Rommozzi et al.34 also found that the presence of CO3
2− had

a negative effect on the removal of E. coli by photo-Fenton
oxidation.

CO3
2− + $OH + H+ / H2O + CO3c

− k = 4.0 × 108 M−1 s−1(2)

3.4 Changes in the properties of sludge supernatant and
sludge solid phase

Fig. 5a shows the changes in TOC of sludge supernatant with
the discharge treatment time at different voltages. The TOC of
the sludge supernatant increased with the discharge voltage.
O3
2−).

RSC Adv., 2023, 13, 19869–19880 | 19873
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Fig. 5 Properties of the sludge supernatant at different voltages (a: TOC; b: NO3–N; c: SCOD).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ly
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 1
:2

2:
36

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The TOC was 48.71 mg L−1 aer 60 min of treatment when the
voltage was 14 kV, and the increase rate was 47.01%. At 20 kV,
TOC rapidly increased to 72.4 mg L−1 aer 60 min of treatment,
and the increase rate reached 67.39%. As shown in Fig. 5b, the
concentration of NO3

−–N increased with the voltage, and it was
2.74 mg L−1 aer 60 min of treatment at 20 kV. Fig. 5c shows the
variation in SCOD with the treatment time at different voltages.
The SCOD of the sludge supernatant increased with the treat-
ment time and voltage. When the voltage increased from 14 to
20 kV, SCOD increased from 125 to 196.67 mg L−1 aer 60 min
of the discharge treatment. The sludge oc contained proteins,
glycans, nucleic acids, etc. Under the action of the discharge
plasma, the sludge oc would be destroyed, and the extracel-
lular polymer substances and intracellular organic matter
would be released into the liquid phase, increasing the TOC and
SCOD.28,29 Similar phenomena have also been observed previ-
ously, where the sludge oc was destructed by the ozonation
and electrochemical-Fenton oxidation, leading to the promo-
tion of sludge disintegration.38,39

Fig. 6 shows the SEM image of the sludge aer 60 min of
discharge treatment at various voltages. The raw sludge before
treatment was mainly composed of lamentous bacteria with
complete and dense structures. Aer the discharge plasma
treatment, the surface structure of the sludge changed greatly,
19874 | RSC Adv., 2023, 13, 19869–19880
the sludge structure tended to be loose, the sludge oc was
disintegrated and cracks appeared, and some small particles
were formed. The strong oxidizing reactive oxygen species
produced in the discharge plasma system destroyed the
microbial cells and the massive oc structure of the sludge,
promoting the release of organic matter and water inside the
oc from the mud phase to the liquid phase.40 The reactive
oxygen species also destroyed extracellular polymeric
substances wrapped in the oc surface, resulting in a rough oc
surface.27

Fig. 7 shows the particle size distribution of sludge aer the
plasma treatment at different voltages. The particle size of the
raw sludge was basically 20–500 mm, with an average particle
size of 140.608 mm. The particle size decreased with the increase
in discharge voltage. When the voltage was 14 kV, the large
particle sludge began to disintegrate into small particles, and
the average particle size of the sludge was 130.903 mm. When
the voltage was 20 kV, the average particle size of the sludge
further decreased to 89.169 mm. These results were consistent
with the SEM results.

3.5 Underlying mechanisms for sludge settling

To explore the contributions of different kinds of reactive
oxygen species in the sludge cracking process, IPA and BQ were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of sludge after plasma treatment at different voltages ((a) 0 kV; (b) 14 kV; (c) 16 kV; (d) 18 kV; (e) 20 kV).
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chosen as trapping agents of $OH and O2c
−, respectively.15–17

Fig. 8a and b show the effects of different concentrations of BQ
and IPA on the sludge settling performance using SV30 as an
index, respectively. Aer adding trapping agents to the
discharge plasma system, the sludge settling performance
deteriorated to a certain extent. When the IPA concentration in
the sludge mixture system was 0.5 and 2.0 mmol L−1, the SV30

value increased to 58% and 80%, respectively, aer 60 min of
discharge treatment. Similarly, when the concentration of BQ
increased to 0.5 and 2.0 mmol L−1, SV30 also increased to 40%
and 63%, respectively. This is because when the concentration
of the trapping agent increased, the content of free radicals
involved in sludge cracking in the system was reduced, resulting
in the deterioration of sludge settling performance. Thus, $OH
© 2023 The Author(s). Published by the Royal Society of Chemistry
and O2c
− both played important roles in the sludge cracking

process. At the same time, it could be found that the inhibition
effect of IPA on SV30 was higher than that of BQ when the same
concentration of trapping agent was added, indicating that the
contribution of $OH in the system was more obvious than that
of O2c

− in the sludge cracking. The contributions of $OH and
O2c

− were also conrmed by the changes in the EPR signals
(Fig. 9); the intensities of these radicals were dramatically
reduced when the sludge was added, as compared with those in
the pure water.

The coliform group is the microbial population with the
highest abundance in activated sludge, so the changes in coli-
form abundance can also indirectly characterize the situation of
cell lysis. In this study, the plate counting method was used to
RSC Adv., 2023, 13, 19869–19880 | 19875
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Fig. 7 Effects of discharge voltage on particle size distribution of sludge (the unit of particle size: nm. (a) 0 kV; (b) 14 kV; (c) 16 kV; (d) 18 kV; (e) 20
kV).
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measure the number of E. coli. Fig. 10 shows the inuence of
discharge voltage on the number of coliform bacteria aer
60 min treatment. At 14 kV, the number of coliform bacteria in
the sludge mixture decreased from the initial value of 1.46 ×

107 to 1.33 × 107 CFU mL−1, and the removal rate was only
8.90%. When the discharge voltage was 16, 18, and 20 kV, the
number of E. coli in the sludge mixture was reduced to 6.90 ×

106, 4.20 × 106, and 1.6 × 106 CFU mL−1, respectively; the
corresponding removal rates were 52.7%, 71.2%, and 89.1%,
respectively. These results further indicated that the discharge
plasma could effectively destroy the sludge cells.

In this study, aer ltering the original data obtained by
sequencing, the total effective sequences in the sludge phase
and liquid phase at different voltages ranged from 32 161 to 47
19876 | RSC Adv., 2023, 13, 19869–19880
069. Aer clustering analysis of the effective sequences, the
coverage index was selected to characterize the sequencing
depth, the Chao index and ACE index were selected to represent
the community abundance of samples, and the Shannon index
and Simpson index represent the community diversity of
samples.41 The specic values of each index are listed in Table 1.
In the sludge-phase and liquid-phase samples, the coverage
index could reach 0.98–0.99, indicating the validity of the
sequencing results. The changes in the Chao index and ACE
index were similar. At a low voltage, the changes in the Chao
index and ACE index in the sludge phase were not particularly
obvious. At 20 kV, the Chao index and ACE index signicantly
decreased by 8.49% and 6.61%, respectively, which indicated
that the microbial ora abundance in the sludge phase was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effects of reactive oxygen species scavengers on sludge settling (a: BQ; b: IPA).

Fig. 9 EPR spectra of $OH (a) and O2c
− (b).
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almost not affected under a low-oxidation condition, but
decreased under a high-oxidation condition. In the liquid
phase, both the Chao index and ACE index decreased aer the
Fig. 10 Coliform count of sludge samples under discharge plasma
treatment.

© 2023 The Author(s). Published by the Royal Society of Chemistry
discharge treatment; at 20 kV, they decreased by 35.85% and
28.08%, respectively, suggesting that the microbial ora in the
liquid phase was more susceptible to the discharge plasma. In
the sludge phase, the Shannon index and Simpson index were
both slightly changed under 14–18 kV conditions, indicating
that the low oxidation intensity had few effects on the microbial
diversity. However, at 20 kV, the Shannon index decreased
signicantly, and the Simpson index also increased signi-
cantly, indicating that the high oxidation intensity could
signicantly reduce the diversity of the microbial community in
the sludge phase. With the increase in the discharge voltage, the
variation in the Shannon index and Simpson index in the liquid
phase was more obvious than that in the sludge phase, which
also indicated that the discharge plasma could signicantly
reduce the diversity of the bacterial community in the liquid
phase. Therefore, compared with the sludge phase, the micro-
bial ora in the liquid phase was more easily affected by the
discharge plasma.

Principal component analysis of the microbial community
structure can intuitively exhibit the difference in microbial
community structures among different samples. Fig. 11 shows
RSC Adv., 2023, 13, 19869–19880 | 19877
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Table 1 Changes in number, coverage, Chao, ACE, Shannon, and Simpson indexes under different voltagesa

Samples Sequence number Coverage Chao ACE Shannon Simpson

S-0 kV 32161 0.98 2598.80 2595.47 6.13 0.0064
S-14 kV 32761 0.98 2622.60 2603.14 6.09 0.0077
S-16 kV 34041 0.98 2641.53 2634.48 6.04 0.0085
S-18 kV 35601 0.98 2665.59 2653.13 6.06 0.0084
S-20 kV 36814 0.98 2439.29 2477.78 5.74 0.0133
L-0 kV 39645 0.99 2627.29 2623.98 5.10 0.1019
L-14 kV 47069 0.99 2625.75 2609.02 4.72 0.1116
L-16 kV 46782 0.99 2234.79 2276.10 3.43 0.2496
L-18 kV 44496 0.99 2021.86 2139.62 3.48 0.2324
L-20 kV 46880 0.99 1685.32 1887.16 2.28 0.4407

a S represents the sludge phase, and L represents the liquid phase.

Fig. 11 Principal component analysis (PCA) of microbial communities
in sludge solid phase and liquid phase based on the OTU level at
different voltages (S represents the sludge phase, and L represents the
liquid phase).

Fig. 12 Venn and Upset plot of the microorganism in the sludge solid
phase (a) and liquid phase (b) based on the OTU level at different
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the results of principal component analysis at the OTU level.
The large distance between the sludge-phase sample and the
liquid-phase sample indicated that the microbial community
compositions between these two phases were different. In both
the sludge phase and liquid phase, a close distance between 14
kV and 0 kV samples could be observed, indicating that the
discharge plasma system at a low voltage had no obvious
inuence on the microbial community, whereas signicant
effects on the microbial community structure were observed
aer the voltage increased. In addition, the effect of discharge
plasma treatment on the microbial community structure in the
liquid phase was more obvious.

Fig. 12 shows the Venn diagram and Upset diagram of the
sludge-phase and liquid-phase samples at the OTU level. As
shown in Fig. 12a, the number of OTUs shared by the sludge-
phase sample aer the discharge plasma treatment and the
initial sludge was 61 (14 kV), 29 (16 kV), 29 (18 kV), and 13 (20
kV), respectively. The number of unique OTUs in the treated
sludge-phase samples decreased from the initial value of 99 to
19878 | RSC Adv., 2023, 13, 19869–19880
87 (14 kV), 73 (16 kV), 85 (18 kV), and 81 (20 kV), respectively. In
addition, in Fig. 12b, the number of OTUs shared by the liquid-
phase sample aer the discharge plasma treatment and the
original sample was 307 (14 kV), 18 (16 kV), 18 (18 kV), and 10
(20 kV), respectively. The number of unique OTUs in the liquid
phase gradually decreased from the initial value of 342 to 154
(14 kV), 43 (16 kV), 45 (18 kV), and 21 (20 kV). These results
further suggested that the discharge plasma treatment could
effectively reduce the microbial abundance of sludge samples,
and the microbial community in the liquid phase was more
sensitive to the discharge plasma treatment.
voltages.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of sludge reduction and settling by different methods

Methods Conditions Time
SVI reduction
rate (%)

MLSS reduction
rate (%)

Cost estimation
($ per t TS) Ref.

Fe3+ 50 mg Fe/g TS 24 h 46.4 55.4 2638 Ref. 29
O3 30–50 mg O3/g TS — 16.5–33.3 12.8–25.9 51–84 Ref. 11, 39 and 42
H2O2 1 g H2O2/g TS — — 19 208 43
Sonication 25 kHz, 50.5 W g−1 TS 30 min — 24 1800 44
Plasma 9.19 W g−1 TS 60 min 47.5 28.6 656 This study
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In addition, a comparison of sludge reduction and settling
by different methods was made, as listed in Table 2. Although
the plasma had a higher cost than that of ozone and H2O2

treatment, it showed higher performance in sludge reduction
and settling.11,39,42,43 The plasma treatment had a lower cost than
that of sonication and ferrate, and it had comparable perfor-
mance in sludge reduction and settling.29,44
4. Conclusions

The potential of the non-thermal discharge plasma for activated
sludge settling was evaluated in this study. The discharge
plasma at appropriate voltages could obviously promote the
sludge settling, as indexed by SV30, MLSS, and SVI. Better sludge
settling performance was obtained aer the discharge plasma
treatment under acidic conditions. Appropriate dosages of Cl−

and NO3
− in the sludge beneted the settling performance,

probably due to the conversion and formation of other species
such as Cl$ and NO�

3. Differently, the addition of CO3
2−

inhibited the sludge settling performance due to its consump-
tion for $OH. Radical quenching tests demonstrated that $OH
and O2c

− dominated the sludge cracking process. Under the
action of the discharge plasma, the sludge oc was destroyed
and intracellular organic matter was released, leading to
increases in TOC and SCOD in liquid phase and a decrease in
the particle size of sludge. Simultaneously, the number of
coliform bacteria and the abundance and diversity of the
microbial community in the sludge also decreased by the
discharge plasma treatment. In future experiments, the treated
sludge can be further returned to assess its impacts on the
sludge reduction during the operation of the sewage treatment
plant.
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