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Cyanuric acid (CA), a stable triazine-based compound widely used in chlorinated disinfectants, has
emerged as a recalcitrant contaminant frequently detected in aquatic environments. Due to its high chem-
ical stability and electron-deficient structure, CA resists degradation by conventional oxidative processes.
Here, a tandem UV/sulfite (SF)-based photochemical reduction-electrochemical oxidation (EO) process
was developed to achieve complete mineralization of CA. Hydrated electrons generated in the UV/SF
process efficiently induce triazine ring-opening, while EO further oxidizes the resulting intermediates.
Density functional theory calculations and quenching experiments revealed that CA exhibits high activa-
tion barriers toward direct oxidation by ‘OH and SO4'~, explaining their limited reactivity. In contrast,
direct electron transfer to the boron-doped diamond (BDD) anode dominates CA degradation in the EO
process, albeit with sluggish kinetics due to the high oxidation potential. The tandem system effectively
lowers the oxidative energy barrier via reductive fragmentation. Moreover, the UV/SF-EO process demon-
strated reliable and effective performance in natural waters and industrial effluents. This study not only
highlights the synergistic benefits of coupling reduction and oxidation for the treatment of persistent or-
ganic pollutants but also provides mechanistic insight into CA degradation pathways, offering a promising

strategy for mitigating CA pollution in complex water environments.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Since the global outbreak of COVID-19, frequent viral mutations
have continued to disrupt public health systems and economic de-
velopment, driving the widespread adoption of personal and envi-
ronmental disinfection strategies. Among disinfectants, chlorinated
cyanurates (CI-CAs) are increasingly used as disinfectants in swim-
ming pools and drinking water in various countries and regions
[1-3]. Driven by global demand, the CI-CAs market now exceeds
US$ 196 million annually [4], with production in China alone ris-
ing by 14% in 2020 compared to pre-pandemic levels [5]. How-
ever, large volumes of cyanuric acid (CA) are generated both as
a byproduct during ClI-CA manufacturing and as a residual com-
pound during disinfection. CA levels in impacted water bodies of-
ten exceed the WHO guideline of 40 mg/L, with values >100 mg/L
frequently reported in poorly managed or reused water [6,7]. It
has also been detected in agricultural runoff, and industrial ef-
fluents [8,9]. Moreover, CA has been associated with nephrotoxic
effects in humans and animals when co-exposed with melamine
[10,11], particularly in children [12,13], raising increasing environ-
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mental and health concerns. In recognition of its persistence and
uncertain ecological impacts, CA has been included in the Euro-
pean Commission list of emerging pollutants [14,15]. Therefore, it
is crucial to effectively remove CA during water and wastewater
treatment.

Structurally, CA features a highly stable triazine ring (a six-
membered ring containing three nitrogen atoms), conferring ex-
ceptional resistance to oxidation [16,17]. As a result, CA is recalci-
trant to degradation by conventional advanced oxidation processes
(AOPs) [18-20], exhibiting various reactivity limitations. Previous
studies have shown that UV/sulfite (UV/SF)-based advanced reduc-
tion processes (ARPs), which generate hydrated electrons (eaq™,
E=-2.9V vs. NHE) [21,22], are capable of cleaving the triazine ring
[23,24]. However, they are ineffective at further degrading the re-
sulting ring-opened intermediates, leading to substantial residual
TOC and an increased risk of toxic byproduct accumulation. Re-
cently, reduction-assisted oxidation strategies have gained increas-
ing attention for the treatment of recalcitrant pollutants [25-29].
These approaches aim to first reduce parent molecules, thereby
lowering the oxidation energy barrier, followed by oxidation-based
mineralization of transformation intermediates [28,30]. The UV/SF-
electrochemical oxidation (EO) tandem process is a representa-
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tive example that has achieved near-complete defluorination and
mineralization of per- and polyfluoroalkyl substances (PFAS), a
rare nonthermal technology capable of breaking strong C-F bonds
[26,31]. Inspired by this success, we hypothesize that the UV/SF-
EO tandem process could also overcome the degradation barriers
of CA by integrating the strengths of reductive ring-opening and
oxidative mineralization. Specifically, UV/SF pretreatment can ef-
fectively cleave the chemically inert triazine ring [23], while sub-
sequent EO treatment enables the mineralization of the result-
ing ring-opening intermediates [26,29]. This combination helps to
address the limitations of each individual process, specifically by
overcoming the poor reactivity of CA toward EO and the inability
of UV/SF to further degrade ring-opening intermediates, thereby
offering a promising solution for the extensive mineralization of
recalcitrant CA.

In this study, we systematically evaluate the UV/SF-EO tandem
process for the complete degradation of CA, with a focus on elu-
cidating the underlying synergistic mechanisms. CA removal effi-
ciency was compared across different treatment strategies, while
high-resolution mass spectrometry (HRMS) and computational tox-
icology were used to track transformation products and assess
their toxicity. Dominant reactive species were identified via elec-
tron paramagnetic resonance (EPR), and density functional theory
(DFT) calculations were conducted to explore reaction pathways
at the molecular level. The reliability of this process was further
validated in various real-water matrices and industrial wastewater
scenarios. The details of experimental procedures and methods are
shown in Texts S1-S4 (Supporting information).

The transformation behavior of CA under various treatment
processes was comprehensively examined. CA exhibited strong re-
sistance to degradation by either UV irradiation or sulfite alone
(Fig. S1 in Supporting information). Complete transformation of CA
was observed only in the UV/SF system, with nearly complete re-
moval within 3h (Fig. 1a). In the UV/SF system, UV light excites
sulfite ions (S032-) to produce SOz~ and e,q~. Due to its strong
reducing capability [22,32], eaq~ attacks CA by cleaving the C-N
bonds in the triazine ring, in agreement with previous observations
[23,24]. However, the limited removal of TOC indicated the accu-
mulation of a substantial amount of intermediate products. Even
after extending the reaction time to 6h, >70% of TOC remained
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Fig. 1. Time courses of CA concentration and TOC removal in (a) UV/SF, (b) EO,
and (c) UV/SF-EO processes. (d) Comparison of TOC removal efficiencies among dif-
ferent treatment processes. Reaction conditions: [CA]o =0.4 mmol/L, initial pH 10,
[SF]o =30 mmol/L for UV/SF process, and current density =20 mA/cm? for EO pro-
cess. Note: In the UV/SF-EO process, the time segment before the dashed line rep-
resents the UV/SF stage, while the segment after corresponds to the EO stage.
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in solution. Although the UV/SF system has been widely applied
for dehalogenation of halogenated compounds or the detoxification
of heavy metals (e.g., Sb(V)) [25,32,33], it is inherently limited in
its ability to achieve effective mineralization of recalcitrant organic
pollutants [34].

To assess the performance of EO for CA treatment, both an
active Ti/RuO,-IrO, anode and typical inert anodes (Ti/PbO, and
BDD) were evaluated. Only limited CA degradation was observed,
occurring exclusively with inert anodes (Fig. S2 in Supporting in-
formation). Even with the BDD anode that is considered the bench-
mark in EO applications, <30% of CA was degraded after 6h of
continuous electrolysis (Fig. 1b). Despite the limited CA degrada-
tion, TOC removal closely tracked CA degradation, contrasting with
the UV/SF system where TOC removal lagged significantly. This
suggests that CA ring-opening products are more amenable to ox-
idation in the EO system, while the degradation of CA itself con-
stitutes the rate-limiting step for TOC removal. Thus, although EO
faces challenges in degrading CA, it exhibits a clear advantage over
UV/SF in facilitating TOC reduction.

Additional experiments were conducted using the integrated
UV/SF-EO process to examine its effectiveness in CA transforma-
tion and mineralization. During the UV/SF stage, CA was almost
completely removed within 2h, followed by a slow decline in
TOC. At this critical point, UV/SF treatment was halted, and EO
treatment was initiated. Although residual SF might have remained
in the solution, its concentration was rapidly depleted during the
EO process and did not interfere with the subsequent oxidation
of degradation intermediates (Fig. S3 in Supporting information).
As the EO process proceeded, the TOC concentration decreased
rapidly, achieving over 90% removal within a total operating time
of 6h (Fig. 1c). Remarkably, the TOC removal rate in the tandem
process significantly exceeded those of the individual UV/SF and
EO process, and even the sum of their separate contributions
(Fig. 1d). The pseudo-first-order rate constant for TOC removal in
the UV/SF-EO process (0.4309 h—1) was markedly higher than that
of UV/SF (0.0648 h~1) and EO (0.0467 h~1) alone (Fig. S4 in Sup-
porting information). In addition, since the cleavage of CA involves
deamination reactions, the UV/SF process mainly resulted in the
release of NH4™-N (Fig. S5 in Supporting information). During the
subsequent EO stage, the majority of the NH4"-N was directly
oxidized to N,, with only minor amounts of NO,~-N and NO;~-N
detected as over-oxidation products. These over-oxidation products
were further reduced at the cathode to N, resulting in effective
overall nitrogen removal. The specific energy consumption (SEC)
for mineralization removed (kwh/g TOC) was estimated based on
our experimental parameters. As shown in Fig. S6 (Supporting
information), the tandem UV/SF-EO process achieved a markedly
lower SEC of 6.2kWh/g TOC compared with 12.3kWh/g TOC for
UV/SF alone and 25.6 kWh/g TOC for EO alone. This result indicates
the energy advantage of the combined process in achieving exten-
sive mineralization relative to either single treatment. These results
confirm that the integrated UV/SF-EO process maximizes the com-
plementary advantages of both individual systems, demonstrating
superior performance in the complete mineralization of CA.

Short-chain carboxylic acids formed during CA degradation
were quantified throughout the reaction. Fig. 2a shows that the
UV/SF process led to the formation of formic and acetic acids. Al-
though CA lacks carbon chains in its molecular structure, the gen-
eration of carbon-centered radicals under strong reductive con-
ditions, followed by rearrangement reactions, likely accounts for
acetic acid formation [35]. These low-molecular-weight acids were
degraded during EO treatment, demonstrating the enhanced min-
eralization capability of the EO process. In addition, a series of
ring-opening and chain-shortening intermediates were identified
via Orbitrap-HRMS. The detection of 1-carboxybiuret (P1) and 2,4-
diimidotricarbonic acid (P2) confirmed triazine ring cleavage in the
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Fig. 2. (a) Time courses of carboxylic acid concentrations in the UV/SF-EO process. (b) Time courses of the peak areas of degradation intermediates identified by HRMS.
(c) Proposed degradation pathways of CA in the UV/SF-EO process. Reaction conditions: [CA]p =0.4 mmol/L, initial pH 10, [SF]o =30 mmol/L for UV/SF, and current den-

sity =20 mA/cm? for EO.

UV/SF step. Other intermediates, including biuret (P3), allophanic
acid (P4), iminodicarboxylic acid (P5), urea (P6), and carbamic acid
(P7), were also detected (Table S1 in Supporting information), indi-
cating pathways involving deamination and decarboxylation. HRMS
peak areas (Fig. 2b) showed substantial accumulation of these in-
termediates during UV/SF treatment, suggesting their limited re-
activity toward further reductive degradation. Given the poten-
tial toxicity of these intermediates, developmental toxicity was as-
sessed using the U.S. EPA’s Toxicity Estimation Software Tool, based
on quantitative structure-activity relationship (QSAR) models
[25,36]. As illustrated in Fig. S7, CA itself was predicted to be de-
velopmentally toxic. It is noticeable that all intermediates (except
for the initial ring-opening products P1 and P2) exhibited higher
predicted toxicity than CA and were also classified as toxicants. Al-
though the QSAR-based predictions are preliminary, these findings
underscore the importance of achieving complete mineralization to
eliminate potentially harmful intermediates. During EO treatment,
nearly all identified intermediates were effectively removed, imply-
ing the strong non-selective oxidation capacity of the EO process.

A degradation pathway for CA was proposed, as depicted in
Fig. 2c. In the UV/SF process, the triazine ring of CA is initially
cleaved to generate intermediate P1, which can undergo deam-
ination to form P2 or decarboxylation to yield P3. Subsequent
deamination and decarboxylation steps result in the formation
of additional intermediates, including P4, P5, P6, and P7. Upon
transitioning to the EO stage, these accumulated intermediates
are effectively mineralized, as indicated by the >90% TOC removal
efficiency.

EPR spectroscopy was used to identify the reactive species re-
sponsible for CA conversion and intermediate degradation in the
UV/SF and EO processes. In the UV/SF system, e,q~ was generated
via sulfite photolysis under UV irradiation [22]. TEMPO, a selective
€aq~ probe, exhibits a characteristic triplet EPR signal that dimin-
ishes upon reduction to EPR-silent TEMP [37]. Fig. 3a shows that
the EPR signal of TEMPO remained unchanged when UV or sul-
fite was applied alone but significantly decreased under combined
UV/SF conditions, confirming e,q~ formation. Time-resolved moni-
toring of TEMPO decay (Fig. 3b) delivered a steady decay rate, con-
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Fig. 3. (a) TEMPO-probed EPR spectra of ey~ in different systems. (b) Time-
resolved TEMPO decay in the UV/SF process. (¢) DMPO spin-trapping EPR spectra
in different systems. (d) Quantification of *OH and SO4"~ using selective probe com-
pounds. Reaction conditions: [CA]o = 0.4 mmol/L, initial pH 10, [SF]o =30 mmol/L for
UV/SF, current density =20 mA/cm? for EO, [TEMPO] = 0.5 mmol/L for (a), 10 mmol/L
for (b), [DMPO] =100 mmol/L, and [Probe]y =20 pmol/L.

sistent with constant e,q~ generation likely due to sustained sulfite
consumption (Fig. S8 in Supporting information).

In the EO process at 20mA/cm?, the anodic potential (~3.41V
vs. RHE) (Fig. S9 in Supporting information) exceeded the thresh-
olds for formation of both *OH and SO4'~, which can be de-
tected using DMPO as a spin trap [38]. Fig. 3c depicts that only
the DMPO-"OH adduct was observed. It should be noted that the
DMPO-SO,4'~ adduct can rapidly convert to DMPO-"OH via sub-
stitution with water or OH~ (Fig. S10 in Supporting information)
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[39,40]. To differentiate "OH and SO4~, DMSO was added as a
scavenger. Since *OH reacts with DMSO to yield *CHs, the pres-
ence of DMPO-'CH;3 indicates "OH generation [21,39]. The EPR
spectrum similarly showed incomplete suppression of DMPO-'OH
by DMSO, supporting the coexistence of SO4~. To quantify rad-
ical concentrations, 4-nitrobenzoic acid (NBA) and benzoic acid
(BA) were used as selective probes for ‘OH and SO4"~, respec-
tively [41]. Kinetic analysis (Fig. S11 in Supporting information)
yielded steady-state concentrations of 3.31 x 10~1© mmol/L for ‘OH
and 5.34 x 10~ mmol/L for SO4*~ (Fig. 3d).

A particularly noticeable observation is that despite the gen-
eration of highly reactive “‘OH and SO,4"~ species by the BDD an-
ode, <30% of CA was degraded after 4h of electrolysis. In con-
trast, complete transformation occurred within 3h in the UV/SF
process. This apparent discrepancy prompts investigation into the
actual contribution of “OH and SO4*~ to CA degradation. To as-
sess their roles, UV/H,0, and UV/PDS systems were applied to
selectively generate ‘OH and SO4'~, respectively. Neither system
achieved measurable CA degradation (Fig. S12 in Supporting infor-
mation), suggesting these radicals have negligible impact on its di-
rect transformation. In addition, EO treatments using Na,SO4 (gen-
erating both ‘OH and SO, ~) and NaClO4 (generating only "OH)
showed comparable degradation profiles (Fig. S13 in Supporting in-
formation) [26], further ruling out the involvement of specific re-
active species. This resistance can be attributed to the oxidation-
resistant nature of the carbon atoms in CA, which are in a high
oxidation state (+IV), similar to that in CO, [42].

DFT calculations were conducted to elucidate the limited reac-
tivity of *OH and SO, ~ toward CA oxidation. The molecular struc-
ture of CA comprises C-N, C=0, and N-H bonds (Fig. S14a in Sup-
porting information). Among these, only the N-H bond shows a
moderate bond dissociation energy (Fig. S14b in Supporting infor-
mation), indicating that hydrogen atom abstraction (HAA) reactions
are limited to this specific site. Regarding the radical adduct for-
mation (RAF) pathway, the Fukui function (f~) analysis revealed
that the C1 positions exhibit the highest electrophilic susceptibility

(Fig. S14c in Supporting information), suggesting that they are pre-
ferred sites for radical attack via 7 addition [43]. Molecular orbital
analysis further indicated that electron loss is most likely to occur
at the N atoms within the triazine ring, due to their lone pairs and
strong contribution to the delocalized m-system [44], favoring the
single electron transfer (SET) pathway. The optimized structures of
all investigated pathways are shown in Fig. S15 (Supporting infor-
mation). Fig. 4a shows that all reactions exhibit activation energies
(AGT) exceeding 18 kcal/mol, indicating that CA oxidation by ‘OH
and SO4°~ is kinetically unfavorable, consistent with the limited
degradation observed experimentally.

Based on these findings, we propose that CA degradation during
the EO process is primarily driven by direct electron transfer (DET)
from CA to the BDD electrode, rather than by radical-mediated re-
actions. To evaluate this mechanism, S-methallyl alcohol (MAA),
a known scavenger of surface-bound oxidants due to its reactive
m-orbitals and allylic carbon [45], was introduced. As illustrated
in Fig. 4b, MAA addition had only a minor effect on CA degrada-
tion, likely due to competitive adsorption at the electrode surface
rather than effective scavenging of reactive species. This supports
the conclusion that DET is the dominant pathway. Despite enabling
DET-driven CA oxidation, the EO process suffers from slow kinet-
ics. DFT calculations (Fig. 4c) indicated that DET from CA occurs
only at high anodic potentials (~3.32V vs. SHE), which exceeds
the onset potentials for *OH (2.7V) and SO4~ (3.1V) generation
[46,47]. This high potential requirement accounts for the sluggish
reaction kinetics. Importantly, once oxidized to the CA™* radical,
CA may spontaneously revert to its parent form in aqueous solu-
tion, as suggested by a favorable AG (—20.2 kcal/mol) and moder-
ate AGH (Fig. 4d). These results reaffirm the inherent resistance of
CA to oxidation and explain its poor removal efficiency in conven-
tional oxidative systems.

It is highlighted in Fig. 1a that e;q~ generated from the UV/SF
system effectively reduced CA. Monochloroacetic acid (MCAA), a
well-established probe for e~ in UV/SF systems (Fig. S16 in Sup-
porting information) [48,49], was ued to determine the second-
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order rate constant between e,q~ and CA via a competition kinet-
ics approach. A relatively high second-order rate constant (keaq~,
CA=121x 108 Lmol-!s~!) was obtained (Fig. S17 in Supporting
information), suggesting the appreciable reactivity of CA toward
€aq~. Moreover, the ring-opening product P1, formed upon eaq~
reduction of CA, exhibited increased susceptibility to anodic oxida-
tion, requiring lower anodic potentials than CA, which supports the
observation that TOC removal is rate-limited by the initial degrada-
tion of CA (Fig. 1b). Therefore, the pre-reduction of CA in UV/SF is a
critical step in enabling its total degradation during subsequent EO
treatment. These results provide valuable molecular-level insights
into the limited reactivity of CA in EO process, and underscore the
synergistic advantage of integrated UV/SF and EO for the complete
mineralization of recalcitrant CA.

Given the widespread detection of CA in aquatic environments,
it is essential to evaluate the performance of the UV/SF-EO process
under realistic water conditions. Natural waters typically contain
numerous coexisting constituents, including dissolved organic mat-
ter and inorganic ions, which may interfere with advanced radical-
mediated processes [50,51]. To assess the matrix tolerance of the
tandem system, tap water and surface water from the Zhujiang
River were used as representative real-water matrices, with the
main water quality parameters summarized in Tables S2 and S3
(Supporting information). Fig. S18 (Supporting information) shows
that rapid transformation of CA was achieved in both matrices via
the UV/SF process, accompanied by a moderate decrease in TOC
(Fig. 5a). Subsequent EO treatment led to substantial TOC removal,
indicating that CA and its intermediates were further mineralized
to CO,. Despite differences in ionic composition and background
organic content, the degradation kinetics of CA and the extent of
TOC removal in tap water and surface water were comparable to
those observed in DI water. These results demonstrate that the
UV/SF-EO process exhibits a high degree of robustness and toler-
ance for the treatment of CA in complex aqueous systems.

Point source control remains one of the most effective strate-
gies for mitigating environmental pollution. Efficient treatment of
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industrial effluents containing CA is therefore essential for mini-
mizing its environmental burden. To assess the practical applicabil-
ity of the tandem process, a real wastewater sample was collected
from the effluent of a Cl-CAs manufacturing facility. The primary
water quality characteristics of this industrial effluent are listed
in Table S4 (Supporting information), including a CA concentra-
tion of 0.48 mmol/L, a TOC concentration of 21.5mg/L, and a high
load of inorganic constituents. These conditions present consider-
able challenges for conventional treatment approaches. In agree-
ment with results obtained from synthetic wastewater, both stan-
dalone UV/SF and EO processes exhibited limited performance in
this complex matrix. While the UV/SF process enabled partial CA
transformation (Fig. S19 in Supporting information), it yielded min-
imal TOC reduction, and the EO process alone was ineffective in
degrading CA (Fig. 5b). Remarkably, the UV/SF-EO process retained
its efficacy under these harsh conditions. Following 3h of UV/SF
pretreatment, an additional 5h of EO treatment resulted in over
90% TOC removal. Meanwhile, inorganic nitrogen species generated
during CA degradation were also effectively removed during the
EO stage (Fig. S20 in Supporting information). In addition, during
five consecutive cycles with a cumulative operation time of 40h,
the UV/SF-EO process consistently maintained >90% TOC removal
(Fig. 5¢) without any noticeable loss of mineralization efficiency.

In summary, we propose the UV/SF-EO tandem process that
synergistically integrates reductive ring cleavage with subsequent
oxidative mineralization. In this strategy, the UV/SF process rapidly
generates e,q~ to cleave the triazine ring structure, and thereby
lowering the energy barrier for oxidation. Strong oxidants includ-
ing ‘OH and SO4'~ are ineffective due to high activation energies
(AGL > 18kcal/mol); although CA can be degraded via DET dur-
ing EO, the process is kinetically limited by the high anodic poten-
tial required (3.32V vs. SHE). In contrast, the ring-opening interme-
diates are more susceptible to oxidation, achieving near-complete
TOC removal in the subsequent EO stage. This approach was suc-
cessfully validated across a range of matrices, including synthetic
wastewater, tap water, surface water, and actual industrial efflu-
ents. Overall, the UV/SF-EO tandem process represents a promising
solution for the advanced treatment of emerging recalcitrant mi-
cropollutants by coupling energy-barrier-lowering reduction with
efficient oxidative mineralization.
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