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a b s t r a c t

Atrazine (ATZ) is a highly applicable neurogenic herbicide in crops. Due to its triazine structure, ATZ is
durable in nature and difficult to degrade, posing serious environmental and health threats. In this work, a
rotating packedbed reactor integratedwith plasma (plasma-RPB)was employed todegradeATZ. The effects
of operating conditions and typical water matrix components were systematically evaluated. Results
demonstrated that increasing rotational speed and discharge power enhanced degradation efficiency,while
higher initial ATZ concentrations inhibited removal. Among common water matrix species, SO4

2− and Cl−

exhibited inhibitory effects, Cu2+ significantly suppressed degradation, whereas CO3
2− showed little impact.

Ultra performance liquid chromatography—mass spectrometry analysis revealed that ATZ was mainly
degraded via dealkylation and hydroxyl substitution, producing cyanuric acid and eventually undergoing
ring opening. To enhance process robustness against inhibitory water matrices, peroxymonosulfate (PMS)
integrationwas investigated as an intensification strategy. Utilizing themultiple activation pathways in the
plasma environment, PMSwas effectively activated to generate additional sulfate radicals. Under optimized
conditions, degradation efficiency and total organic carbon removal of actual industrialwastewater reached
99% and 90% within 20 min, respectively. This study highlights plasma-RPB, particularly when synergized
with PMS, as a promising technology for pesticide wastewater treatment.
© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

The agricultural production process consumes large amounts of
agricultural chemicals such as chemical fertilizer and pesticide,
leading to serious environmental pollution [1,2]. Atrazine (ATZ), as
a neurogenic herbicide of triazine compounds, is one of the most
commonly used pesticide due to its high effectiveness [3,4].
However, extensive application of ATZ has resulted in its frequent
detection in wastewater from pesticide plants [5]. In addition, ATZ
is an endocrine disruptor that pose potential risks to the immune
and nervous systems [6]. Due to its molecular structure of triazine,
ATZ was durable in nature and difficult to decompose, making the

development of efficient treatment methods for ATZ-
contaminated wastewater an urgent priority [7].

Common degradation approaches of ATZ include biological
treatment, chemical oxidation, and photocatalytic degradation [8].
Zhao et al. [9] utilized Pseudomonas and Arthrobacter to biologi-
cally degrade ATZ, and the concentration of ATZ could be degraded
below the threshold in 43 days. Ye et al. [10] designed an ozonation
catalyst for ATZ degradation in wastewater, and the degradation
efficiency of ATZ with a concentration of 10 mg·L− 1 reached 93.9%
in 180 min. Photocatalytic degradation using TiO2, ZnO, Bi-based
oxides, and other catalysts has also been widely reported [11,12].
While effective, these processes often require long reaction times
and may generate secondary pollution, limiting their applicability
towards industrial wastewater from pesticide factories, especially
with large flow rate and high concentration [13].

Compared with traditional methods, plasma technology has
gained increasing attention inwastewater treatment [14,15]. A large
number of active components generated by the plasma device can

This article is part of a special issue entitled: WCCE 12 & APCChE 2025 published
in Chinese Journal of Chemical Engineering.
* Corresponding authors.
E-mail addresses: liyb@mail.buct.edu.cn (Y. Li), chugw@mail.buct.edu.cn

(G. Chu).

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate/CJChE

https://doi.org/10.1016/j.cjche.2025.12.042
1004-9541/© 2026 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights are reserved, including those for text and data
mining, AI training, and similar technologies.

Chinese Journal of Chemical Engineering 94 (2026) 36—43



effectively degrade target pollutants without causing secondary
pollution [16,17]. Various plasma configurations, such asmicrowave
plasma systems, have been explored for contaminant degradation,
demonstrating the versatility of plasma-based approaches [18,19].
In our previous study, Liang et al. [20] developed a novel rotating
packed bed reactor integrated with plasma (plasma-RPB) that
coupled plasma with a centrifugal field to enhance reactive species
generation [21]. This design enables rapid degradation of high-
concentration pesticide wastewater, which may reduce pollutant
discharge into natural water bodies. However, existing plasma-RPB
studies focused on ideal water conditions, while industrial waste-
water contains complex ions such as carbonate, chloride, sulfate,
and heavy metals [22—27]. Furthermore, the degradation pathways
and intermediates of pesticide contaminants under plasma-RPB
treatment remain insufficiently investigated.

In this work, the plasma-RPB was employed for ATZ degrada-
tion. The effects of operating parameters, including rotational
speed, discharge power, and initial concentration of ATZ, on the
degradation efficiency of ATZ were studied to evaluate the degra-
dation performance of the plasma-RPB. In addition, the influences
of water quality including ions, pH, and conductivity were inves-
tigated to identify the applicable fields of the plasma-RPB. Degra-
dation pathways were analyzed using ultra performance liquid
chromatography—mass spectrometry (UPLC-MS), and perox-
ymonosulfate (PMS) integration was evaluated as a process inten-
sification strategy to overcome inhibitory effects. Finally, the
optimized strategy was utilized for actual industrial wastewater
treatment, and a comprehensive comparison with other degrada-
tion methods was carried out to evaluate its application potential.

2. Experimental

2.1. Experimental materials

Atrazine (≥96%), Na2SO4, NaCl, Na2CO3, Cu(NO3)2, NaNO3,
NaH2PO4, CH3CH2OH (for HPLC), and PMS were purchased from
McLean Reagent Co., LTD., China. Oxygen (purity 99.5%) was

ordered from Beijing Shunan Qite Gas Co., LTD., China. Deionized
water was used in all experiments.

2.2. Plasma-RPB

Fig. 1 shows the schematic diagram of the plasma-RPB [20]. It
consists of two sections, namely a dielectric barrier discharge
plasma reactor (cylindrical quartz tube with mesh electrodes pow-
ered by a plasma generator, CTP-2000KP, Nanjing Suman Electronics
Co., LTD., China) and an RPB section. The plasma section enables
contaminant oxidation by reactive species, while the RPB enhances
oxidation through peroxone reaction of ozone and hydrogen
peroxide. Detailed parameters of plasma-RPB are listed in Table 1.

2.3. Experimental procedure

As illustrated in Fig. 2, oxygen and wastewater were introduced
co-currently into the plasma-RPB. Wastewater was distributed
across the quartz wall to form a thin liquid film, then entered the
RPB section via a rotating distributor. Oxygen was ionized in the
plasma chamber to produce reactive species, which further reac-
ted in the RPB. ATZ concentrations were measured every 5 min.
Each experiment was repeated three times. Operating conditions
are listed in Table 2.

2.4. Analytical methods

2.4.1. ATZ concentration and degradation efficiency
ATZ concentration was determined by high performance liquid

chromatography (HPLC, Thermo Ferre Ultimate 3000 UPHPLC-Q

Fig. 1. Diagram of the plasma-RPB.

Table 1
Parameters of the plasma-RPB.

Items Values

Electrode length/mm 12.5
Discharge gap width/mm 5
External diameter of the outer quartz tube/mm 80
Internal diameter of the inner quartz tube/mm 58
Thickness of the quartz tube/mm 3
Internal diameter of the packing/mm 90
External diameter of the packing/mm 320
Height of the packing/mm 25
Diameter of fiber/mm 0.2
Porosity of the packing 0.97
Specific surface area/m2·m− 3 566

Fig. 2. Schematic diagram of experimental procedure.
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Exactive, USA) using a UV detector at 225 nm. The chromato-
graphic column was BEH C18 column (2.1 mm × 100 mm, 1.7 μm
particle size), and its temperaturewas 35 ◦C. Themobile phasewas
60% LC-MS grade water (chromatographically pure) and 40% LC-
MS grade ethanol (McLean) with flow rate of 1 ml·min�1. The
degradation efficiency (η, %) was calculated as:

η = (C0—Ct)/C0 × 100% (1)

where C0 and Ct are the initial and time-dependent ATZ
concentrations.

2.4.2. Degradation products analysis
Degradation intermediates were identified using ultrahigh

performance liquid chromatogram-tandem mass spectrometry
(UPLC-MS-2020, Shimadzu 8050 triple quadrupole, Japan) and
positive spray ionization (Waters-Synapt G2-Si HD mass spec-
trometry, USA). The chromatographic column was Shim-pack XR-
ODS2.0 mm I.D. × 5 mm L, 2.2 μm. The eluents were water and
acetonitrile, and their flow rate were 0.5 ml·min�1. Operating
parameters included spray voltage of 400 V, heating temperature
of 400 ◦C, DL temperature of 250 ◦C, nitrogen as atomizing/drying
gas, and argon as collision gas. The sample with the injection flow
rate of 0.5 ml·min�1 was measured by the gradient elution.

2.4.3. pH and TOC analysis
The pH value of solution was slowly adjusted by NaH2PO4 and

NaOH with a pH meter (PHS-2F, Shanghai Reitz, China). The
mineralization capacity was assessed by measuring total organic
carbon (TOC) using a TOC analyzer (TOC-L, shimadzu, Japan). TOC
removal efficiency (ηTOC, %) was calculated as:

ηTOC = (TOC0—TOCt)/ TOC0 × 100% (2)

where TOC0 and TOCt are the TOC values at the initial time and
time t, respectively.

3. Results and Discussion

3.1. Evaluation of ATZ degradation process in the plasma-RPB

3.1.1. Effects of operating parameters
Fig. 3 shows the effect of the rotational speed (N) on the

degradation efficiency (η). The η value first increased and then
decreased with increasing N. When N increased from 0 to 400
r·min�1, the degradation efficiency significantly improved,
reaching nearly 80% after 30 min. This enhancement is attributed
to the intensified gas—liquid mass transfer and the thinner liquid
film generated under higher centrifugal force [28], which increases
the contact area between reactive species and ATZ molecules. The
centrifugal field promotes liquid dispersion and formation of
micro-scale droplets, significantly enhancing interfacial area and
mass transfer coefficients. However, further increasing N resulted
in nearly constant or even reduced η values. Excessive rotation

reduces liquid residence time in the RPB section, limiting complete
reaction between pollutants and active species [29]. Thus, 400
r·min�1 was identified as the optimal rotational speed for subse-
quent experiments.

Fig. 4 depicts the effect of discharge power (P) on η. The results
show a positive correlation between discharge power and degra-
dation efficiency. At 20 W, the η value of ATZ in the plasma-RPB
was only 20% after 30 min of treatment, whereas at 80 W it
increased to approximately 80%. The increase in discharge power
enhances electron energy and density in the plasma region, pro-
moting the generation of reactive oxygen species including ·OH,
O3, and H2O2 through electron-impact reactions and energy
transfer processes [30,31]. Considering the degradation efficiency,
80 W was chosen as the preferred discharge power.

Fig. 5 shows the influence of initial concentration of ATZ (C0) on
η. The increase of C0 led to a weakened degradation effect of ATZ.
When C0 was 5 mg·L�1, the η value reached 89% after 30 min, but
at 25 mg·L�1, it decreased to 58% under the same treatment time.
This phenomenon can be explained by the relatively constant
generation rate of reactive species at fixed discharge power. With
higher pollutant concentrations, the reactive species become
insufficient for complete degradation, resulting in lower η values

Table 2
Operating conditions of experiments.

Items Values

Liquid volume, V/L 3
Rotational speed, N/r·min�1 0—1000
Gas flow rate, QG/m·h�1 0.5
Discharge power, P/W 20—80
Initial concentration of ATZ solution, C0/mg·L�1 5—25
Liquid flow rate, QL/L·h�1 150
Anion and cation, C0/mmol·L�1 0.5—4
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Fig. 3. Effects of N on η in the plasma-RPB.

Fig. 4. Effects of P on η in the plasma-RPB.

H. Xu et al. / Chinese Journal of Chemical Engineering 94 (2026) 36—4338



[32]. Additionally, intermediate products competewith parent ATZ
for reactive species at higher concentrations.

3.1.2. Effects of water quality
In real wastewater systems, various anions and cations coexist.

Therefore, it is necessary to investigate their influence on ATZ
degradation in plasma-RPB. Commonly detected ions in actual
wastewater include CO3

2�, Cl�, SO4
2�, Cu2+ and so on [22,23].

Fig. 6 shows the effect of CO3
2� on the η. As CO3

2� concentration
increased, the η value gradually decreased. When CO3

2� concen-
tration rose from 0 to 4 mmol·L�1, η decreased from 73% to 69%.
This can be attributed to the scavenging of hydroxyl radicals by
carbonate ions (k = 4.0 × 108 L·mol�1·s�1), forming carbonate
radicals (CO3·

—) with lower oxidation potential (1.50 V) compared
to ·OH (2.80 V) [25]. Although the reaction rate constants between
CO3

2� and ·OH are relatively low, the large carbonate content can
still induce the rapid consumption of ·OH [33].

Fig. 7 presents the influence of Cl� on η. As Cl� concentration
increased from 0 to 4 mmol·L�1, η decreased significantly from
73% to 47%. The reasonwas that Cl� reacts with ·OH to produce ·Cl,
whose oxidation potential (1.36 V) was lower than that of ·OH
[25]. Additionally, Cl� may react with ozone to produce HClO,

Fig. 5. Effects of C0 on η in the plasma-RPB.

Fig. 6. Effects of CO3
2� concentration on η in the plasma-RPB.

Fig. 7. Effects of Cl� concentration on η in the plasma-RPB.

Fig. 8. Effects of SO4
2� concentration on η in the plasma-RPB.

Fig. 9. Effects of Cu2+ concentration on η in the plasma-RPB.
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which also exhibits lower oxidation capability [34]. These pro-
cesses collectively reduced ATZ degradation. At higher Cl− con-
centrations, however, the accumulation of Cl− and HClO may
promote ATZ degradation to some extent through alternative re-
action pathways.

Fig. 8 shows the impact of SO4
2− on ATZ degradation.When SO4

2−

concentration was increased from 0 to 1 mmol·L− 1, the η value
decreased by nearly 11%. Further increase in SO4

2− concentration
did not cause significant changes. This can be explained by the
generation of sulfate radicals, which have a high oxidation po-
tential and can supplement ·OH consumed during the reaction
[35,36]. As a result, the inhibitory effect was mitigated at higher
SO4

2− levels [25].
Fig. 9 illustrates the effect of Cu2+ on degradation efficiency.

The results showed that Cu2+ strongly inhibited ATZ degradation.
Although Cu2+ can undergo Fenton-like reactions with H2O2

produced by plasma discharge, which theoretically enhances
degradation [37,38], in practice, η decreased steadily with
increasing Cu2+ concentration. This inhibition is due to complex
formation between ATZ and Cu2+ through nitrogen atom electron
donation, making the complexes more resistant to degradation
compared with free ATZ molecules [39].

3.2. Strategy optimization for ATZ wastewater treatment

3.2.1. Analysis of degradation products and pathways
To optimize degradation strategies, it is crucial to identify the

degradation products and pathways of ATZ. First-order mass
spectrometry scans were conducted on samples collected at 5, 10,
15, 20 min. Total ion chromatograms and extracted ion flow dia-
grams were analyzed to determine intermediate products, which
are summarized in Table S1 (in Supplementary Material).

Fig. 10. Degradation pathway of ATZ in the plasma-RPB.
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Based on detected intermediates, ATZ degradation in plasma-
RPB followed two main pathways: (i) hydroxyl substitution of
chlorine atoms, and (ii) oxidation of isopropylamino groups. These
pathways were not mutually exclusive and converged to cyanuric
acid in later stages. Cyanuric acid is highly stable and often accu-
mulates in many degradation processes, making its further
degradation essential [40]. Fig. 10 illustrates the proposed degra-
dation pathways. Most intermediates resulted from oxidation of
isopropylamino groups (e.g. CAIA, CDDA, CDA), whereas in-
termediates from hydroxyl substitution (e.g. HDDA, HDA) were
less abundant. Although not quantitatively measured, the forma-
tion of hydroxylated intermediates provides strong evidence for
·OH involvement. It was hypothesized that ATZ initially under-
went oxidation of isopropylamino groups to form CDA, which then
underwent amino hydroxylation and chlorine substitution to form
cyanuric acid. A parallel route involved hydroxyl substitution of
chlorine to formHAD, followed by amino hydroxylation to produce
cyanuric acid. Ultimately, cyanuric acid underwent ring-opening
oxidation, generating CO2 and H2O, thereby completing minerali-
zation while minimizing accumulation of intermediates. The
proposed pathways are consistent with previous studies, where
cyanuric acid is a common intermediate that eventually mineral-
izes to CO2 and H2O, reducing overall toxicity.

3.2.2. Process intensification with peroxymonosulfate
The results indicated that degradation efficiency was inhibited

under complex watermatrices. To enhance process robustness and
oxidative capacity, we investigated the integration of PMS as an
intensification strategy. The plasma environment, characterized by
multiple activation pathways including UV radiation, high-energy
electrons, and localized heating, provides efficient activation of
PMS to generate sulfate radicals (SO4·

—) with high oxidation po-
tential [26,41].

Fig. 11(a) shows that increasing PMS concentration from 0 to
2 mmol·L�1 enhanced ATZ degradation, owing to the elevated
generation of active radicals. The optimal PMS dosage should be
carefully tuned depending on pollutant concentration and
discharge power to avoid self-scavenging effects at excessive
concentrations. Fig. 11(b) illustrates the effect of pH when PMS
concentration was 1 mmol·L�1. As pH increased from 6 to 8,
degradation efficiency improved markedly, reaching nearly 100%
within 15 min at pH value of 8. This suggests that slightly alkaline
conditions favor PMS activation through base activation pathways
and reduce SO4·

— scavenging by H+. Although temperature was
not monitored in this study, the improved degradation efficiency
with PMS is consistentwith activationmechanisms reported in the
literature [26]. The enhanced degradation and mineralizationwith
PMS suggest the generation of sulfate radicals (SO4·

—), which
possess higher oxidation potentials and longer lifetimes than hy-
droxyl radicals [36,41], creating a synergistic oxidation
environment.

3.2.3. Application to industrial wastewater
To verify the practical applicability of the plasma-RPB system,

industrial ATZ wastewater was obtained from a pesticide pro-
duction process at Zhongshan Industry Group Co., Ltd., China. The
wastewater was used without any pretreatment to evaluate the
system’s performance under realistic and challenging conditions.
It contained an initial ATZ concentration of approximately
15 mg·L�1 with a pH of ~8. Critically, qualitative analysis
confirmed the presence of a complex water matrix, inducing the
common inhibitory ions specifically investigated in this study,
namely CO3

2�, Cl�, and Cu2+. The degradation performance ach-
ieved in this real wastewater (Fig. 12) qualitatively aligns with the
inhibition trends observed in the controlled experiments

(Figs. 6—9), thereby validating the system’s effectiveness in a
complex, non-ideal environment representative of actual indus-
trial scenarios. Additionally, Fig. 12 shows that the plasma-RPB
with PMS integration achieved 99% degradation efficiency,

Fig. 11. Effects of (a) PMS concentration and (b) PH on η.

Fig. 12. Comparisons of ATZ degradation efficiency.
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superior to that of using plasma-RPB only. The TOC removal effi-
ciency was 90% within 20 min (Table S1), highlighting the
enhanced mineralization capacity through PMS-integration
strategy.

3.2.4. Comparison of ATZ degradation technologies
Table 3 compares the performance of plasma-RPB with other

advanced oxidation processes, including ultraviolet photocatalytic
degradation [26,42,43], electrochemical oxidation [44], persulfate
oxidation [45,46], and plasma technology [47]. Key performance
indicators such as degradation efficiency, TOC removal, and treat-
ment time are summarized. Additionally, the energy yield was
evaluated as shown in Table S1. Among these methods, the plasma-
RPB with PMS demonstrated excellent degradation efficiency and
energy yield within short treatment time. This highlights its supe-
riority for treating ATZ-containing wastewater at industrial scale.

4. Conclusions

This work employed a plasma-RPB for efficient degradation of
ATZ. The effects of operating conditions on degradation efficiency
were illustrated first. Rotational speed (400 r·min− 1) and discharge
power (80 W) significantly enhanced degradation efficiency,
whereas higher initial ATZ concentrations reduced removal effi-
ciency. Then, the effects of water quality on degradation process
were investigated. SO4

2− , Cl− , and Cu2+ inhibited ATZ degradation,
with Cu2+ showing the strongest suppression, while CO3

2− had
minimal effect. UPLC-MS analysis revealed that ATZ was mainly
degraded via dealkylation and hydroxyl substitution, leading to the
generation of cyanuric acid, which subsequently underwent ring
opening to CO2 and H2O. To overcome water matric inhibition, PMS
integration was utilized as an effective intensification strategy,
achieving nearly complete ATZ removal and 90% TOC reduction in
real industrial wastewater. These results demonstrate that plasma-
RPB, particularly when integrated with PMS, offers significant po-
tential for scalable and sustainable pesticide wastewater treatment.

CRediT Authorship Contribution Statement

Hanzhuo Xu: Writing — original draft, Methodology, Investiga-
tion. Tao Ding: Writing — review & editing, Methodology, Concep-
tualization. ChuangLiang:Writing— review&editing,Data curation.
Yanbin Li:Writing— review&editing, Conceptualization.Guangwen
Chu: Writing — review & editing, Supervision, Project administra-
tion. Jianfeng Chen: Writing — review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (22288102 and 22408013), China Post-
doctoral Science Foundation (2025M771144), and Postdoctoral
Fellowship Program of Postdoctoral Fellowship Program of China
Postdoctoral Science Foundation (GZC20250779).

Supplementary Material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cjche.2025.12.042.

Nomenclatures

CATZ initial ATZ concentration, mg·L− 1

Ct ATZ concentration at t, mg·L− 1

C0 initial concentration of ATZ solution at t = 0, mg·L− 1

Н degradation efficiency of ATZ, %
N rotational speed of RPB, r·min− 1

P discharge power, W
QG gas flow rate, L·h− 1

QL liquid flow rate, L·h− 1

TOC total organic carbon, mg·L− 1

T reaction time, min
V liquid volume, L
ηTOC TOC removal efficiency
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