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ABSTRACT. Antibiotic residues in water present significant ecological and public health challenges, necessitating
the development of efficient advanced oxidation processes. The present study investigated a novel vacuum
ultraviolet/ultraviolet/persulfate (VUV/UV/PS) process for degrading sulfamethazine (SMN), a representative
sulfonamide antibiotic, in water. SMN degradation was assessed under UV, UV/PS, VUV/UV, and VUV/UV/PS
conditions. All processes exhibited pseudo-first-order kinetics, with apparent rate constants of 0.12, 0.28, 0.25, and
0.52 min™!, respectively. The VUV/UV/PS process achieved near-complete SMN removal (99.4%) within 10 min,
surpassing the performance of UV/PS (94.4%) and VUV/UV (91.7%). Quenching by tert-butanol and methanol
decreased the apparent rate constant to 0.31 and 0.16 min~', respectively, indicating the contributions of both
hydroxyl radicals and sulfate radicals. The degradation rate increased with persulfate concentration but approached
saturation above 5 mM. Higher initial SMN concentrations inhibited the reaction kinetics, while mildly acidic
conditions enhanced degradation. Chloride and sulfate had minimal effects, whereas nitrate, bicarbonate, and
particularly natural organic matter significantly inhibited degradation. Analysis of transformation products indicated
three concurrent pathways: N-S bond cleavage, hydroxylation, and oxidation, followed by further oxidation of
intermediates. These findings demonstrate the VUV/UV/PS process as a rapid and mechanistically robust approach
for SMN removal in water treatment.
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INTRODUCTION

The extensive use of antibiotics in human medicine and animal husbandry has resulted in their
continuous introduction into aquatic environments, raising global concern [1]. Incomplete
metabolism and limited efficacy of conventional wastewater treatment processes have led to the
frequent detection of various antibiotics in surface water, groundwater, and effluents [2]. The
persistence of these compounds in the environment poses ecotoxicological risks and, more
importantly, facilitates the spread of antibiotic resistance through prolonged, low-level exposure
in receiving waters. Therefore, the development of efficient and robust technologies for the rapid
removal of antibiotic residues from water is of crucial environmental and public health
significance [3].

Conventional treatment processes, including biological degradation, adsorption, and
coagulation—sedimentation, often show limited performance for antibiotics, particularly
sulfonamides, because of their relatively stable aromatic structures and electron-withdrawing
functional groups such as sulfonamide moieties [3]. Biological processes may be constrained by
slow Kinetics and poor biodegradability, while adsorption and separation-based approaches
mainly transfer contaminants between phases without destruction. These limitations have
motivated increasing interest in advanced oxidation processes (AOPs), which rely on highly
reactive species to oxidize a broad range of organic contaminants into more oxidized
intermediates and, in favorable cases, achieve deep mineralization [4-6].
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Among AOPs, ultraviolet (UV)-based oxidation is highly attractive due to its operational
simplicity and scalability. UV irradiation can directly photolyze certain micropollutants and
activate oxidants like persulfate (PS) to generate reactive radicals [7,8]. As a widely used oxidant
precursor, PS can be activated by UV to produce sulfate radicals (SO4~), which exhibit a high
redox potential and remain effective over a broader pH range [9]. Accordingly, UV/PS processes
have been extensively investigated for degrading antibiotics and other emerging contaminants
[10]. However, UV/PS performance is often limited by photon utilization, background
scavenging, and a heavy reliance on water chemistry for radical generation and speciation. These
limitations motivate new strategies to intensify radical production and improve oxidant utilization
efficiency [11, 12].

Vacuum ultraviolet (VUV) irradiation provides a promising pathway to intensify these UV-
based AOPs. Compared with conventional UV, VUV photons initiate more energetic
photochemical routes, including water photolysis, thereby enhancing the in situ formation of
reactive species [13]. The combined VUV/UV process, therefore, offers both direct photolysis
and enhanced radical generation [14]. Integrating PS into a VUV/UV system is expected to further
accelerate degradation by coupling VUV-assisted water photolysis with PS activation, potentially
creating a synergistic oxidative regime with a higher effective radical flux and improved kinetic
performance [15, 16].

While UV/PS, VUV/UV, and other VUV-assisted oxidation processes have been investigated
for contaminant degradation, direct comparisons among UV, UV/PS, VUV/UV, and VUV/UV/PS
under the identical reactor configuration and operating conditions remain limited. In particular,
studies focusing on sulfamethazine (SMN) degradation by the VUV/UV/PS process are scarce,
and the respective roles of direct photolysis, oxidant activation, and VUV-enhanced radical
generation have not been fully clarified. Therefore, a systematic comparison of these processes is
needed to better understand the performance advantage and mechanistic features of the combined
system. In this work, we comparatively evaluated UV, UV/PS, VUV/UV, and VUV/UV/PS for
SMN degradation using the same annular photoreactor. Furthermore, we integrated Kinetic
analysis, radical-quenching experiments, assessment of operational parameters and water matrix
effects, and transformation product identification to provide a comprehensive understanding of
the degradation behavior and mechanism of the VUV/UV/PS process.

EXPERIMENTAL
Chemicals and reagents

Sulfamethazine (SMN, > 98%) was purchased from Macklin Biochemical Co., Ltd. (Shanghai,
China) and used without further purification. Sodium persulfate (Na.S,0s, PS, > 98%), sodium
chloride (NaCl), sodium sulfate (Na,SO.), sodium nitrate (NaNOs), and sodium bicarbonate
(NaHCO;) of analytical grade were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Beijing, China). Tert-butanol (TBA, >99%) and methanol (MeOH, HPLC grade), used as radical
scavengers in quenching experiments, were purchased from Aladdin Biochemical Technology
Co., Ltd. (Shanghai, China). Natural organic matter (NOM) was obtained from Tianjin Guangfu
Technology Development Co., Ltd. (Tianjin, China). All working solutions were freshly prepared
by diluting stock solutions with ultrapure water before each experiment.

Experimental setup and reaction conditions

All experiments were conducted in a cylindrical annular photoreactor (inner diameter: 8.2 cm,
height: 38 cm) [17]. A low-pressure mercury lamp (68 mW cm2, Geili Co., Jiangsu, China)
emitting UV light at 254 nm and/or VUV light at 185 nm was positioned inside a central quartz
sleeve (outer diameter: 5.0 cm) to prevent direct contact with the solution. The resulting 1.6 cm
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water layer ensured complete absorption of 185 nm photons. For VUV/UV experiments, a high-
purity synthetic quartz sleeve was used to allow 185 nm radiation to penetrate the solution. For
conventional UV experiments, the sleeve was replaced with common silica glass to block the 185
nm emission.

The reactor was placed on a magnetic stirrer to ensure continuous mixing. All reactions were
performed at room temperature (25 + 2 °C). PS was added at predetermined concentrations to
initiate the VUV/UV/PS process, and the initial solution pH was adjusted using NaOH or H,SO,4
before irradiation. To evaluate water matrix effects, specific concentrations (100 mg L) of
chloride, sulfate, nitrate, bicarbonate, or NOM (2 mg L") were spiked into the solution before
turning on the lamp. Samples were withdrawn at 2 min intervals and immediately quenched with
excess sodium thiosulfate to terminate the reactions and eliminate residual oxidants. The
quenched samples were stored at 4 °C until analysis.

Process optimization and radical quenching

Process optimization was conducted using a one-factor-at-a-time approach under identical reactor,
lamp, mixing, temperature, and sampling configurations. Unless otherwise stated, the baseline
operating conditions were set at an initial SMN concentration of 15 mg L, PS dosage of 5 mM,
and an initial pH of 6. The impacts of PS dosage (1-6 mM), initial SMN concentration
(5-25 mg L™), and initial pH (4-9) were systematically evaluated by varying one parameter while
keeping the others constant. Aliquots were collected every 2 min (over a 0-10 min timeframe) and
were immediately quenched with excess sodium thiosulfate and quantified by UPLC-MS/MS.
Performance was evaluated based on SMN removal efficiency and the apparent pseudo-first-order
rate constant. For radical-quenching experiments, TBA (10 mM) was introduced before
irradiation as a selective scavenger for HO*, and MeOH (10 mM) was utilized to scavenge both
HO" and SO,

Analytical methods

SMN concentrations were quantified using an ultra-performance liquid chromatography system
coupled with tandem mass spectrometry (UPLC-MS/MS, Xevo TQD, Waters, USA) following a
previously established method [17]. A 10 pL aliquot of each sample was injected into the system.
The mobile phase consisted of methanol and 0.2% aqueous formic acid solution (60:40 v/v),
delivered at a flow rate of 0.2 mL min~'. The mass spectrometer was operated in positive
electrospray ionization (ESI) with a capillary voltage of 3.5 kV and a cone voltage of 15 V. The
cone gas and desolvation gas flow rates were maintained at 50 and 550 L h™', respectively, with a
desolvation temperature of 500 °C. Multiple reaction monitoring (MRM) was conducted using
the parent ion and daughter ion of 279.3 (m/z) and 186.0 (m/z), for SMN quantification, utilizing
a collision energy of 17 V. Degradation intermediates were identified via LC-MS/MS and gas
chromatography-mass spectrometry (GC-MS, 1SQ-QD, Thermo Scientific, USA), as previously
described [17]. All experimental runs were performed in triplicate, and data are presented as mean
values.

RESULTS AND DISCUSSION
Degradation of sulfamethazine by different processes
To elucidate the advantages of integrating the VUV/UV/PS process, the degradation behavior of
SMN was systematically compared under four different processes (Figure 1a). UV irradiation
alone resulted in relatively slow removal. The SMN degradation efficiency increased from 0% to

67.8% within 10 min, with only 12.5% removal observed at 2 min. This limited performance

Bull. Chem. Soc. Ethiop. 2026, 40(11)



2350 Haitao Yu et al.

indicates that direct photolysis under UV is not sufficiently effective for rapid SMN abatement
under the tested conditions, likely due to the moderate intrinsic photoreactivity of SMN and the
absence of strong in situ oxidant generation [18]. By contrast, introducing persulfate under UV
markedly accelerated SMN degradation. The UV/PS process achieved 94.4% removal at 10 min,
and already removed 49.0% at 2 min, demonstrating that PS activation by UV substantially
enhanced oxidative capacity [19]. VUV/UV irradiation also showed strong degradation
efficiency, reaching 91.7% at 10 min. Compared with UV alone, both UV/PS and VUV/UV
produced much steeper degradation curves, indicating that radical-mediated pathways dominate
when either PS activation (UV/PS) or VUV-induced photochemistry (VUV/UV) is present [18].
Notably, the combined VUV/UV/PS process delivered the best performance across the entire
reaction period, with degradation efficiency reaching 99.4% after 10 min. The near-complete
SMN removal within 10 min suggests a pronounced intensification when VUV/UV irradiation is
coupled with PS, consistent with concurrent direct photolysis and enhanced radical production
from both water photolysis and PS activation [20].

Kinetic analysis showed that SMN degradation followed pseudo-first-order kinetics for all
processes [14]:
In(C/C,) = —k,t (1)

where C and C are the real-time and initial SMN concentrations, and k, (min~!) is the apparent
pseudo-first-order rate constant. Based on In(C/Cy) versus time fitting, the k, values were 0.12
min~t (UV), 0.28 min (UV/PS), 0.25 min~! (VUV/UV), and 0.52 min™! (VUV/UV/PS), with
excellent linearity (R? > 0.99) (Figure 1b). Accordingly, the VUV/UV/PS process increased the
apparent rate constant by a factor of 4.3 relative to UV alone, and by 2.1 and 1.9 relative to
VUV/UV and UV/PS, respectively. Overall, the performance ranking based on both degradation
efficiency and kinetics was VUV/UV/PS > UV/PS > VUV/UV > UV. The superiority of
VUV/UV/PS can be attributed to the complementary roles of VUV/UV irradiation and PS [20].
VUV promotes additional primary reactive species generation through high-energy
photochemical routes, while PS serves as an efficient precursor for sulfate-radical-based oxidation
under irradiation [21]. Their coupling therefore provides a higher steady-state radical flux and a
broader oxidative regime, translating into the fastest pseudo-first-order decay and near-
quantitative SMN removal within a short reaction time [19].
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Figure 1. Comparison of the degradation of SMN by different processes (Co = 15 mg L™, [PS]o =
5 mM).
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Role of reactive radicals

To elucidate the contributions of reactive radicals to SMN degradation in the different
photochemical systems, quenching experiments were conducted using tert-butanol (TBA) and
methanol (MeOH), and the corresponding k. values were compared [18]. TBA is commonly
employed as a selective scavenger for hydroxyl radicals (HO"), whereas MeOH can effectively
quench both HO" and sulfate radicals (SO4™). Thus, changes in k. after adding TBA and MeOH
provide diagnostic evidence for the dominant radical species governing SMN degradation [22].
Under scavenger-free conditions, the k, values were 0.12, 0.28, 0.25, and 0.52 min~! for UV,
UV/PS, VUV/UV, and VUV/UV/PS, respectively. After adding TBA, k, decreased to 0.11, 0.19,
0.13, and 0.31 min~! (Figure 2), indicating that HO" contributes measurably in UV/PS, VUV/UV,
and VUV/UV/PS, while its role under UV alone is marginal [17]. The relative inhibition by TBA
was 8% for UV, 32% for UV/PS, 48% for VUV/UV, and 40% for VUV/UV/PS. The particularly
strong TBA effect in VUV/UV suggests that HO" is the dominant oxidant in this process,
consistent with VUV-enhanced radical generation in the absence of persulfate [23].

More pronounced suppression was observed with MeOH. In the presence of MeOH, k, further
decreased to 0.11, 0.13, 0.12, and 0.16 min~! for UV, UV/PS, VUV/UV, and VUV/UV/PS,
respectively. Compared with the TBA cases, MeOH caused an additional loss of 0.06 min~! in
UV/PS and 0.15 min~" in VUV/UV/PS, whereas the additional loss in VUV/UV was minor. This
pattern indicates that SO4™ plays a substantial role in PS-containing processes, especially in the
combined VUV/UV/PS system, while VUV/UV is governed primarily by HO" rather than SO,
chemistry [16]. The magnitude of MeOH inhibition further supports this interpretation. Relative
to the scavenger-free baseline, MeOH suppressed k, by 8% for UV, 54% for UV/PS, 52% for
VUV/UV, and 69% for VUV/UV/PS. For UV/PS, the inhibition attributable to species beyond
HO" is reflected by the difference between MeOH and TBA suppression (54% versus 32%),
indicating a meaningful SO, contribution [20]. For VUV/UV/PS, this difference is larger (69%
versus 40%), demonstrating that sulfate-radical pathways account for a major fraction of the
enhanced degradation rate when VUV/UYV irradiation is coupled with persulfate [16]. Overall, the
scavenger results indicate that SMN degradation under UV alone is not strongly radical-
controlled, VUV/UV is dominated by HO"-mediated oxidation, and the PS-containing processes
are governed by a combined HO® and SO,~ mechanism, with SO,~ making an especially
important contribution in VUV/UV/PS [19].
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Figure 2. Effect of scavengers on the degradation of SMN by different processes.
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Effect of PS concentration

Figure 3 shows the effect of initial PS concentration on the degradation kinetics of SMN in the
VUV/UV/PS process. Increasing PS from 1 to 6 mM consistently enhanced k. from
0.32 to 0.53 min~!, indicating that PS availability is a key factor controlling the overall oxidation
capacity of the coupled system [21]. A pronounced increase in k, was observed at low to moderate
PS dosages. Specifically, k, increased from 0.32 min~' at 1 mM to 0.37 min~! at 2 mM and further
to 0.45 min~! at 3 mM, indicating that additional PS promoted more efficient radical generation
under VUV/UV irradiation [21]. This behavior is consistent with enhanced formation of SO,~
and their subsequent conversion to HO", thereby increasing the steady-state concentration of
reactive species responsible for SMN degradation [16]. At higher PS concentrations, the rate
enhancement became less significant, and k, approached a plateau. When PS increased from 3 to
4 mM, k, rose only slightly from 0.45 to 0.49 min!, and further increases to 5 and 6 mM resulted
in marginal changes to 0.52 and 0.53 min~!, respectively. The diminishing incremental benefit at
elevated PS levels suggests that the process becomes limited by photon flux, mass transfer, or
radical utilization efficiency rather than by oxidant availability [4]. In addition, excessive PS can
exert a scavenging effect on reactive radicals through side reactions, such as SO, consumption
by PS and radical-radical recombination, which reduces the fraction of generated radicals that
effectively attack SMN [19]. Consequently, beyond 5 mM PS, the system exhibits reduced
oxidant utilization efficiency, resulting in a near-saturated kinetic response.
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Figure 3. Effect of PS concentration on the degradation of SMN by VUV/UV/PS.

Effect of initial SMN concentration

Initial SMN concentration has a significant influence on the pseudo-first-order degradation
kinetics in the VUV/UV/PS process (Figure 4). As the initial SMN concentration increased from
5to 25 mg L', ks decreased from 0.67 to 0.49 min~!, indicating that higher pollutant loading
inhibited the degradation Kinetics under otherwise identical conditions [20]. Specifically, ka
decreased from 0.67 min~! at 5 mg L' to 0.58 min~' at 10 mg L' and 0.52 min~! at 15 mg L',
followed by smaller changes to 0.51 and 0.49 min~' at 20 and 25 mg L™, respectively. This trend
is consistent with a fixed radical production rate under constant irradiation and PS dosage, such
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that increasing SMN concentration lowers the effective oxidant-to-substrate ratio and increases
competition for reactive species [24]. In addition, at higher SMN levels, photon screening can
become more significant, reducing the effective VUV/UV photon flux available for water
photolysis and PS activation, which further decreases radical generation efficiency [4].
Accumulation of transformation intermediates may also contribute by competing with SMN for
HO" and SO4™, thereby reducing the fraction of radicals that drive parent-compound removal [14].

0.2 | L | L | L | L |
5 10 15 20 25

Initial SMN concentration (mM)

Figure 4. Effect of initial SMN concentration on the degradation by VUV/UV/PS.
Effect of pH

Initial pH had a strong impact on SMN degradation kinetics in the VUV/UV/PS process, and ka
exhibited a clear pH dependence (Figure 5). Specifically, k, increased from 0.45 min~' at pH 4 to
0.49 min"! at pH 5 and reached a maximum of 0.56 min~" at pH 6, then decreased to 0.39 min~' at
pH 9. These results indicate that mildly acidic conditions favored SMN degradation, whereas
alkaline conditions suppressed the reaction [16]. The enhanced kinetics at pH 5-6 can be
attributed to more favorable radical chemistry in the VUV/UV/PS system. Under mildly acidic
conditions, sulfate radicals are generally more persistent and less prone to nonproductive
consumption, which helps maintain a higher effective oxidizing capacity [19]. In addition, PS
activation under irradiation can be more efficiently translated into reactive radical flux when side
reactions are limited, thereby increasing the fraction of generated radicals available for SMN
attack [16]. When pH increased to alkaline conditions (pH 8-9), the progressive decline in k,
suggests reduced radical utilization efficiency [22]. Alkaline media can promote radical
scavenging and competitive reactions, and sulfate radicals tend to undergo base-catalyzed
transformation and nonproductive consumption pathways [7]. Moreover, pH affects SMN
speciation; as pH approaches and exceeds the relevant pK,, deprotonated forms become more
important, which can alter both the reactivity toward HO® and SO,~ and the light absorption
behavior, ultimately lowering the apparent degradation rate [22].
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Figure 5. Effect of pH on the degradation of SMN by VUV/UV/PS.
Effect of water components

To assess the impact of common water components on SMN degradation, experiments were
conducted by adding chloride, sulfate, nitrate, bicarbonate, and natural organic matter (NOM) to
the VUV/UV/PS system [4]. The presence of common background constituents caused varying
degrees of inhibition, as reflected by changes in ka (Figure 6). Adding chloride and sulfate caused
only minor decreases in k, from 0.52 to 0.48 and 0.51 min~!, respectively, indicating limited
interference under the tested conditions [4]. In contrast, nitrate and bicarbonate led to more evident
suppression, decreasing ki to 0.41 and 0.47 min~'. The strongest inhibition was observed in the
presence of NOM, where k, dropped sharply to 0.25 min!, corresponding to approximately half
of the control value [14].

The relatively small effects of chloride and sulfate suggest that, at the tested levels, these
anions did not substantially reduce the effective radical flux available for SMN degradation [25].
Sulfate is generally less reactive toward HO® and SO4™, and its limited impact is consistent with
its role mainly as a background electrolyte. Chloride can react with HO® and SO, to form reactive
chlorine species [22]. However, under the present conditions, this conversion did not translate
into strong inhibition, implying that radical scavenging by chloride was modest and/or that
secondary chlorine radicals still contributed to SMN oxidation to some extent [25]. Nitrate
showed a clearer inhibitory effect, with k, decreasing to 0.41 min-'. This suppression can be
attributed to competition for photons and reactive species [13]. Nitrate can absorb UV irradiation
and participate in side photochemistry, which can reduce the fraction of photons available for
persulfate activation and water photolysis [23]. In addition, nitrate-derived reactive nitrogen
species and associated reaction pathways can divert radical reactivity away from SMN, lowering
the apparent degradation rate [15]. Bicarbonate also inhibited SMN degradation, decreasing ka to
0.47 min~'. This behavior is consistent with the well-known scavenging of HO" by bicarbonate
and carbonate to form carbonate radicals [26], which are generally less reactive and more selective
than HO'. As a result, bicarbonate reduces the contribution of highly reactive non-selective
oxidation pathways, leading to lower overall degradation kinetics [27]. NOM exerted the most
pronounced inhibition, reducing k. to 0.25 min~!. This strong effect is attributed to multiple
concurrent mechanisms, including direct scavenging of HO® and SO~ by NOM, competitive
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oxidation of NOM that consumes oxidant capacity, and light screening that decreases the effective
VUV/UV photon flux for persulfate activation and radical generation [28]. Collectively, these
effects substantially reduce the steady-state concentration of reactive species available for SMN
oxidation, explaining the marked kinetic suppression [4].

Although the effects of individual water constituents were evaluated separately in this study,
real natural waters contain more complex matrices in which dissolved organic matter, inorganic
ions, pH, and other background components may act simultaneously. Therefore, the observed
effects of single constituents should be understood as mechanistic indicators rather than direct
predictions of treatment performance in all real waters. Among the tested factors, NOM is
expected to play the most important inhibitory role in natural waters because of its combined
radical-scavenging and light-screening effects, whereas chloride and sulfate are likely to have
relatively smaller impacts under typical conditions. Overall, the VUV/UV/PS process exhibited
good tolerance to chloride and sulfate, moderate sensitivity to nitrate and bicarbonate, and strong
susceptibility to NOM [17]. These results highlight that dissolved organic matter is the most
critical matrix factor for practical implementation, and that pretreatment or operational
adjustments may be required in NOM-rich waters to maintain high SMN degradation Kinetics
[28].

0.6

SR

i

05+

o

~
\
Hi

i

| L L | L | L | L |
Control CIF SO, NO; HCO, NOM

Water component

Figure 6. Effect of water components on the degradation of SMN by the VUV/UV/PS process.
SMN degradation pathways

To elucidate the fundamental mechanisms governing sulfamethazine (SMN) transformation
within the VUV/UV/PS system, degradation intermediates were identified via LC-MS/MS and
GC-MS analyses (summarized in Table 1). Intermediates were tentatively assigned based on their
mass-to-charge ratios (m/z), characteristic fragmentation patterns, and comparison with
established literature. The identified products reveal that SMN degradation proceeded through
three primary concurrent pathways driven by bond cleavage and stepwise oxidation reactions
(Figure 7) [29].

Path I (N-S Bond Cleavage) involves the direct cleavage of the N-S bond in SMN, yielding
a 4,6-dimethylpyrimidinyl moiety (P1) and a sulfonated aniline moiety (P2) as primary fragments,
providing direct evidence that N-S bond cleavage is a key initial reaction channel [29]. This
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fragmentation pattern confirms that radical attack at the sulfonamide linkage serves as a critical
initial reaction channel, breaking down the parent molecule into two smaller, more polar
intermediates that can undergo subsequent oxidation [20].

Path Il (hydroxylation): this pathway yields P3, identified as 4-amino-N-(5-hydroxy-4,6-
dimethylpyrimidin-2-yl)benzenesulfonamide. The addition of a hydroxyl group to the pyrimidine
ring while leaving the core sulfonamide skeleton intact strongly points to electrophilic addition or
hydrogen abstraction mediated by oxygen addition on the heterocyclic ring, which is a typical
reaction pattern for HO-dominated oxidation [18]. This initial hydroxylation increases molecular
polarity and generally facilitates further oxidative conversion [29].

Path I11 (aniline oxidation): this step involves the oxidation of the aniline group on the parent
molecule to form P4, a nitro-substituted aromatic product (N-(4,6-dimethylpyrimidin-2-yl)-4-
nitrobenzenesulfonamide). This indicates that the aniline group in SMN was oxidized to a nitro
group. The formation of P4 represents a deeper oxidation step than simple hydroxylation,
reflecting the highly oxidizing environment generated by the VUV/UV/PS process [20] and
illustrating how nitrogen-containing substituents can be transformed into strong electron-
withdrawing functional groups, thereby altering aromatic reactivity [30].

Downstream transformation mechanisms

Following these primary steps, the initial intermediates undergo extensive subsequent oxidation
and ring functionalization [20]. In Pathway I, the pyrimidine fragment (P1) is progressively
oxidized into nitro- and hydroxyl-substituted derivatives, specifically 4,6-dimethyl-2-
nitropyrimidine (P5) and 2-amino-4,6-dimethylpyrimidin-5-ol (P6), indicating progressive
oxidation on the heterocyclic ring [30]. Concurrently, the aromatic sulfonated fragment (P2)
undergoes desulfonation and hydroxylation to generate 4-aminophenol (P7), which is further
oxidized to 4-nitrophenol (P8) [18]. Subsequent radical-induced hydroxylation and oxidation of
phenolic intermediates can yield hydroquinone (P9), and further oxidation produces
benzoquinone (P10), reflecting a typical phenol-to-quinone conversion sequence under radical
oxidation [20]. Overall, SMN degradation in the VUV/UV/PS system is initiated via three
concurrent routes (N-S cleavage, pyrimidine hydroxylation, and aniline oxidation) followed by
desulfonation and sequential oxidation of heterocyclic and aromatic intermediates towards
smaller, highly oxygenated end-products [30].

Table 1. Intermediates formed during the degradation of SMN by VUV/UV/PS.

No. Intermediate name Structure Mass (m/z)
—=N,
P1 4,6-dimethylpyrimidin-2-amine \ %NHZ 123
N
i
p2 4-aminobenzenesulfonic acid OH—ﬁONHz 173
o
4-amino-N-(5-hydroxy-4,6- =N 7
P3 dimethylpyrimidin-2- "\ %NH‘ﬁ NH, 294
yl)benzenesulfonamide N 0
N-(4,6-dimethylpyrimidin-2-yl)-4 =" i
-(4,6-dimethylpyrimidin-2-yl)-4- .
P4 nitrobenzenesulfonamide \ N% W ﬁ@mz 308
(0]
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—=N
P5 4,6-dimethyl-2-nitropyrimidine \ %Noz 153
N
—N
P6 2-amino-4,6-dimethylpyrimidin-5-ol "\ %NHZ 139
N
P7 4-aminophenol OHONHZ 109
P8 4-nitrophenol OH—ON% 139
P9 hydroquinone OHOOH 110
P10 benzoquinone 0:®:o 108

Figure 7. Proposed pathways for the degradation of SMN by VUV/UV/PS process.
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CONCLUSION

This study compared SMN degradation across UV, UV/PS, VUV/UV, and VUV/UV/PS
processes. The VUV/UV/PS process exhibited the highest efficiency, achieving 99.4% removal
in 10 min (k. = 0.52 min™'). Both HO" and SO, radicals drove the SMN degradation. Optimal
performance was achieved at pH 6 with PS concentrations up to 5 mM, beyond which kinetic
benefits plateaued. Among the background water matrix components, NOM caused the most
significant inhibition, while inorganic ions (chloride, sulfate, nitrate, and bicarbonate) showed
moderate-to-minimal effects. Transformation product analysis revealed that SMN degradation
proceeds via initial N-S bond cleavage, hydroxylation, and oxidation, followed by sequential
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idation steps. Overall, the VUV/UV/PS process is an efficient and mechanistically well-

characterized approach for SMN degradation, with promising potential for water treatment
applications.

ACKNOWLEDGMENT

This paper was financially supported by the Eco-Environmental Scientific Research Project of
Hunan Province (HBKYXM-2025-A023), Shaoyang University Graduate Innovation Project
(CX2025SY024), and Aid Program for Science and Technology Innovative Research Team in
Higher Educational Institutions of Hunan Province (Xiangjiaotong [2023] NO. 233).

8.

9.

10

11.

12.

13.

REFERENCES

. Li, S.; Wang, R.; Zhang, Y.; Zheng, H.; Dong, X.; Leong, Y. K.; Chang, J.-S. Ecological risks

of sulfonamides and quinolones degradation intermediates: Toxicity, microbial community,
and antibiotic resistance genes. Bioresour. Technol. 2025, 418, 131967.

. Murata, A.; Takada, H.; Mutoh, K.; Hosoda, H.; Harada, A.; Nakada, N. Nationwide

monitoring of selected antibiotics: Distribution and sources of sulfonamides, trimethoprim, and
macrolides in Japanese rivers. Sci. Total Environ. 2011, 409, 5305-5314.

. Serna-Galvis, E. A.; Celis-Llamoca, K. P.; Collantes-Diaz, |. E.; Torres-Palma, R. A.; Nieto-

Juarez, J. I. Insights into the transformations, antimicrobial activity, and degradation efficiency
of a representative carbapenem antibiotic by high-frequency ultrasound hybridized with the
(photo)Fenton process. Ultrason. Sonochem. 2025, 119, 107379.

. Zoschke, K.; Bornick, H.; Worch, E. Vacuum-UV radiation at 185 nm in water treatment — a

review. Water Res. 2014, 52, 131-140.

. Yu, H.; Tan, L.; Xue, F.; Yang, L. An enhanced spectrophotometric method for determination

of hydrogen peroxide during vacuum ultraviolet photolysis of water. Bull. Chem. Soc. Ethiop.
2025, 39, 397-408.

. Akbar, S. A.; Hasan, M. Facile synthesis of ZnO/RGO/Fe,O3 using macroalgae Caulerpa

taxifolia as green reductor and its application as malachite green removal. Bull. Chem. Soc.
Ethiop. 2025, 39, 29-47.

. Lian, J. F.; Qiang, Z. M.; Li, M. K.; Bolton, J. R.; Qu, J. H. UV photolysis kinetics of

sulfonamides in aqueous solution based on optimized fluence quantification. Water Res. 2015,
75, 43-52.

Yang, L.; Zhou, J.; Feng, Y. Treatment of fluorine-containing pharmaceutical wastewater by
VUV/UV process. Environ. Sci. Pollut. Res. 2022, 29, 20289-20295.

Jun, B.; Choi, J.; Son, Y. Ultrasonic activation of persulfate for the removal of BPA in 20, 28,
and 300 kHz systems. Ultrason. Sonochem. 2025, 114, 107281.

. Liu, X.; Liu, Y.; Lu, S.; Wang, Z.; Wang, Y.; Zhang, G.; Guo, X.; Guo, W.; Zhang, T.; Xi, B.
Degradation difference of ofloxacin and levofloxacin by UV/H,0, and UV/PS: Efficiency,
factors and mechanism. Chem. Eng. J. 2020, 385, 123987.

Ortiz-Marin, A. D.; Roé-Sosa, A.; Solis-Marcial, O. J.; Chavarria, J.; Mendivil-Garcia, K.;
Amabilis-Sosa, L. E. Nutrient-efficient recovery process from real livestock wastewater using
UV/H;0; and UV/PMS: Kinetic study and statistical optimization. J. Water Process Eng.
2025, 74, 107811.

Chen, X.; Gan, P.; Huang, K.; Liang, F.; Wu, T.; Li, X.; Zhang, Y. Comparison of UV-based
advanced oxidation processes (UV/H;0,, UV/NaClO, and UV/Na;S;0s) for inactivating
Uronema marinum in marine water. J. Water Process Eng. 2025, 69, 106756.

Han, M.; Mohseni, M. Impact of organic and inorganic carbon on the formation of nitrite
during the VUV photolysis of nitrate containing water. Water Res. 2020, 168, 115169.

Bull. Chem. Soc. Ethiop. 2026, 40(11)



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Degradation of sulfamethazine by VUV/UV/persulfate 2359

Yang, L. X.; Li, M. K,; Li, W. T.; Jiang, Y. J.; Qiang, Z. M. Bench- and pilot-scale studies on
the removal of pesticides from water by VUV/UV process. Chem. Eng. J. 2018, 342, 155-
162.

Chen, B.; Huang, Y.; Zhang, Q.; Dionysiou, D. D.; Wang, L.; Li, J. Formation of nitrite and
hydrogen peroxide in water during the vacuum ultraviolet irradiation process: Impacts of pH,
dissolved oxygen, and nitrate concentration. Environ. Sci. Technol. 2021, 55, 1682-1689.

Li, H.; Yang, Y.-L.; Li, X.; Fan, X.-Y.; Wang, N. Enhanced degradation mechanism of
sulfamethazine by vacuum ultraviolet/persulfate. J. Environ. Chem. Eng. 2021, 9, 106489.
Tan, L.; Yu, H.; Yang, L. Degradation of six sulfonamide antibiotics in water by the novel
VUV/UV/H,0; process. Bull. Chem. Soc. Ethiop. 2025, 39, 2315-2328.

Li, M. K.; Wang, C.; Yau, M. L.; Bolton, J. R.; Qiang, Z. M. Sulfamethazine degradation in
water by the VUV/UV process: Kinetics, mechanism and antibacterial activity determination
based on a mini-fluidic VUV/UV photoreaction system. Water Res. 2017, 108, 348-355.
Gao, Y.-Q.; Gao, N.-Y.; Deng, Y.; Yang, Y.-Q.; Ma, Y. Ultraviolet light-activated persulfate
oxidation of sulfamethazine in water. Chem. Eng. J. 2012, 195-196, 248-253.

Li, H.; Yang, Y.; Li, X.; Zhou, Z.; Feng, J.; Dai, Y.; Li, X.; Ren, J. Degradation of
sulfamethazine by vacuum ultraviolet-activated sulfate radical-advanced oxidation: Efficacy,
mechanism and influences of water constituents. Sep. Purif. Technol. 2022, 282, 120058.
Liu, Y.; Wu, J.; Cheng, N.; Gan, P.; Li, Y.; Liu, W.; Ye, J.; Tong, M.; Liang, J. The overlooked
role of UV(185) induced high-energy excited states in the dephosphorization of
organophosphorus pesticide by VUV/persulfate. Chemosphere 2023, 334, 138993.

Li, M. K.; Hao, M. Y.; Yang, L. X.; Yao, H.; Bolton, J. R.; Blatchley, E. R. IlI; Qiang, Z. M.
Trace organic pollutant removal by VUV/UV/chlorine process: Feasibility investigation for
drinking water treatment on a mini-fluidic VUV/UV photoreaction system and a pilot
photoreactor. Environ. Sci. Technol. 2018, 52, 7426-7435.

Yang, L.; Zhang, Z.; Chen, Z. Formation of nitrite and ammonium during the irradiation of
nitrate-containing water by VUV/UV. J. Water Process Eng. 2021, 41, 101801.

Yang, L.; Feng, Y.; Gao, Z. Degradation of organic micropollutant by vacuum ultraviolet
process: A Kinetics study. Korean J. Chem. Eng. 2021, 38, 1642-1647.

Yang, L. X.; Zhang, Z. H. Degradation of six typical pesticides in water by VUV/UV/chlorine
process: Evaluation of the synergistic effect. Water Res. 2019, 161, 439-447.

Moussavi, G.; Pourakbar, M.; Shekoohiyan, S.; Satari, M. The photochemical decomposition
and detoxification of bisphenol A in the VUV/H,0, process: Degradation, mineralization, and
cytotoxicity assessment. Chem. Eng. J. 2018, 331, 755-764.

Gonzalez, M. C.; Braun, A. M. VUV photolysis of aqueous solutions of nitrate and nitrite.
Res. Chem. Intermed. 1995, 21, 837-859.

Buchanan, W.; Roddick, F.; Porter, N. Removal of VUV pre-treated natural organic matter by
biologically activated carbon columns. Water Res. 2008, 42, 3335-3342.

Tang, J.; Wang, J. MOF-derived three-dimensional flower-like FeCu@C composite as an
efficient Fenton-like catalyst for sulfamethazine degradation. Chem. Eng. J. 2019, 375,
122007.

Farkas, L.; Monzini, I.; Takacs, E.; Wojnarovits, L.; Vords, M.; Vagvolgyi, C.; Janaky, C.;
Alapi, T. Comparison of the effectiveness of UV, UV/VUV photolysis, ozonation, and
ozone/UV processes for the removal of sulfonamide antibiotics. J. Environ. Chem. Eng. 2024,
12,111845.

Bull. Chem. Soc. Ethiop. 2026, 40(11)



