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Unveiling the degradation of lamotrigine in sulfate
radical-mediated oxidation: kinetics, influencing
factors and transformation mechanisms
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Lamotrigine (LMG), a widely used anticonvulsant drug, has been frequently detected in aquatic
environments due to its limited removal in conventional wastewater treatment. Here, we systematically
investigated the degradation of LMG via heat-activated peroxydisulfate (heat/PDS) treatment. The
degradation followed pseudo-first-order kinetics, with the observed rate constant (kops) increasing at
higher PDS doses or elevated temperatures. The apparent activation energy was determined to be
88.7 kJ mol™. Radical quenching experiments using methanol or tert-butanol indicated that SO4'~
predominated in LMG degradation. The presence of halides (Br~ and Cl7), natural organic matter (NOM),
ammonium (NH4"), or bicarbonate (HCO3 ™) generally inhibited LMG degradation, primarily due to their
competition for SO4°~. Detailed transformation pathways were proposed based on quantum chemical
calculations and high-resolution mass spectrometry, revealing initial attacks on electron-rich sites of the
triazine ring and amino groups, leading to hydroxylated and deaminated products. Both ECOSAR
predictions and luminescence bacteria assays showed reduced toxicity for most transformation products
relative to LMG, suggesting that degradation of LMG by sulfate radical was a detoxification process. This
study demonstrates that heat-activated PDS is an effective strategy for eliminating LMG and attenuating

rsc.li/rsc-advances its ecological risk in water.

1 Introduction

Lamotrigine (LMG), 6-(2,3-dichlorophenyl)-1,2,4-triazine-3,5-
diamine, is a widely prescribed anticonvulsant drug used to
treat epilepsy and bipolar disorders.* In humans, approximately
70% of the administered dose of LMG is recovered from urine
with 90% as the metabolite lamotrigine-N2-glucuronide.>? After
excretion, these metabolites can enter the environment and
regenerate the parent LMG in favorable conditions. Over the
past decade, LMG has been detected in several water environ-
ments. The molecular structure of LMG comprises a triazine
ring moiety with two amine groups and a benzene ring moiety
substituted with two chlorines, contributing to its low volatility
and limited lipophilicity, which promote its persistence in
aqueous environments.

Ferrer et al. first reported the frequent occurrence of LMG in
groundwater and surface water, with its concentration ranging
from 17 to 488 ng L™ '.* In wastewater, its concentration can be
up to 0.013-1.254 pg L~ '.>® Moreover, LMG has been shown to
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accumulate in soils irrigated with treated wastewater, with
concentrations up to 4 mg kg ', raising concerns about
potentially leaching into groundwater.® Although studies on the
ecotoxicity of LMG remain limited, emerging evidence suggests
it may induce oxidative stress and neurotoxicity in aquatic
organisms such as fish and has been associated with potential
drug-drug interactions in humans.*'*'* A recent study
demonstrated LMG might translocate in plants, reaching
leaves, and affect the expression of stress genes.” Yang et al.
found that the occurrence of LMG in surface water may pose
a high risk to the environment (LDsgora = 205 mg kg™ ),
potentially inducing oxidative stress and neurotoxicity in fish.™
Therefore, effective removal of LMG from water environments is
imperative to mitigate ecological and public health risks.
Conventional wastewater treatment approaches (WWTPs)
showed limited efficacy in LMG degradation.'*** For instance,
Bollmann et al. investigated the transformation and removal of
LMG in municipal WWTPs.* They found that LMG concentra-
tion increased from 1.1 pg L™" in the influent to 1.6 ug L™ " in the
effluent, implying the poor elimination of LMG. When LMG was
subjected to simulated sunlight at pH 7.0, the degradation half-
life of over 100 h, implying its high resistance to direct photo-
degradation as well.***® Karpov et al. (2021) demonstrated that
redox-active minerals like bimessite (6-MnO,) could degrade
LMG via oxidation, dechlorination, and addition reactions.*
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More importantly, phenolic compounds, like vanillic acid, can
enhance LMG degradation while leading to the formation of
numerous coupling products. These products are more stable
than the parent LMG and its long-term ecological impacts
remain largely unknown. These findings underscore the need
for advanced treatment technologies.

Sulfate radical (SO, )-based advanced oxidation processes
(SR-AOPs) have emerged as a promising alternative for
degrading persistent organic contaminants.”*** SO," ", along
with other reactive oxidants (i.e. "OH or O, "), can be generated
from the activation of peroxymonosulfate (PMS) or perox-
ydisulfate (PDS). Several methods have been applied for the
activation of persulfates, including the use of UV light, heat,
ultrasound, transition metal and others.>*?® Among these,
thermal activation is particularly attractive for its high effi-
ciency, scalability, and practicality for real-world applications.
To date, heat activated persulfates have been successfully
implemented in wastewater treatment systems, such as hospital
effluent. SO,"~ possesses a high oxidation capacity (2.5-3.1 V vs.
NHE) and a long lifetime (¢, = 30-40 ps), enabling effective
degradation of recalcitrant compounds.”~* SR-AOPs has been
successfully applied in the degradation of triazine compounds,
including atrazine, simazine and propazine.*** Ji et al re-
ported that SO, tends to attack alkylamino side chains of
triazine ring in atrazine molecule, leading to hydroxylated
products which subsequently undergo decomposition to form
ketone or aldehyde.*® Given the structural similarity of LMG,
which also contains a triazine core, it is plausible that SO, ~
could effectively degrade LMG, yet the underlying mechanisms
and transformation pathways remain largely unexplored.

Inspired by all above, we attempt to elucidate the degradation
of LMG in a heat/PDS oxidation system. Firstly, the effects of
operating condition and water matrix (including halides, natural
organic matter (NOM), nitrogenous ions, and bicarbonate ion
(HCO37)) on kinetics and efficiency of LMG degradation were
explored. Then, solid phase extraction-liquid chromatography-
mass spectroscopy (SPE-LC-MS), as a powerful tool, was applied
to identify transformation products and speculate detailed
degradation mechanism and pathway. Finally, the ecotoxico-
logical impacts of LMG and its transformation products in heat/
PDS system were assessed using ECOSAR and luminescent
bacteria assays. Above all, this study aims to provide theoretical
underpinning and technical guidance for remediation of the
LMG-contaminated water using SO,  -based AOPs.

2 Experimental section
2.1 Materials and reagents

All chemicals and reagents used in this work were of the purest
quality available. Lamotrigine (LMG), sodium peroxydisulfate
(NayS,03), sodium chloride (NaCl), sodium bromide (NaBr),
sodium carbonate (Na,COj;), sodium bicarbonate (NaHCOj),
sodium nitrate (NaNO;), ammonium sulfate ((NH,4),SO,),
potassium dihydrogen phosphate (KH,PO;) and sodium
hydroxide (NaOH) were purchased from Aladdin (Shanghai,
China). Suwannee River NOM was supplied by the International
Humic Substances Society (St. Paul, MN, USA). Methanol
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(MEOH) and tert-butyl alcohol (TBA) were of high-performance
liquid chromatography (HPLC) degrade and purchased from
Thermo Fisher (MA, USA). Ultra-pure water (18.2 MQ cm ™) was
used in all prepared solution.

2.2 Experiments setup

The degradation of LMG in heat/PDS was performed in the
thermostatic water bath for 180 min. Appropriate volume of
LMG stock solution was transferred into a series of cylindrical
glass vials and specific aliquots of PDS stock solution were
added to achieve a total 50 mL reaction solution with pre-
determined concentration. The PDS concentration varied from
0 to 2 mM and the temperature was set from 40 °C to 80 °C. The
pH was maintained at 7.0 using 10 mM phosphate buffer.
Parallel experiments with additional 10 mM MEOH or TBA were
conducted identically to investigate the role the oxidant radi-
cals. Effects of halides (Cl™ and Br™ ), SRNOM, nitrogenous ions
(NH," and NO;), and HCO;~ were also investigated. At preset
intervals, reaction aliquots (1 mL) were collected and immedi-
ately transferred to the vial in ice bath to stop the reaction, then
stored at 4 °C before HPLC analysis.

To identify the transformation products of LMG, 200 mL
reaction solution containing 10 uM LMG, 1 mM PDS, 10 mM
phosphate buffer was allowed to reaction for 180 min in a 60 °C
water bath. At pre-determined intervals, the samples were
withdrawn and immediately transferred to ice bath to quench
the reaction. After that all the solutions were enriched into 1 mL
MEOH with C18 solid phase extraction (SPE) and stored in a 4 °
C refrigerator before HRMS analysis. Detailed procedure of SPE
was displayed in Text S1. All samples were stored in a 4 °C
refrigerator at most 24 h before analysis.

2.3 Analytical methods

Concentration of LMG was determined by a Shimadzu 20AD
HPLC (Shimadzu, Japan) equipped with a photo-diode array
detector (SPD-M20A). Separation was performed on Agilent
Zorbax Eclipse Plus C18 reverse phase column (4.6 x 250 mm, 5
pum). The injection volume was 30 pL, and the flow rate was 1.0
mL min~". The mobile phase was composed of 70% MEOH and
30% water. The retention time and detection wavelength of
LMG were 5.42 min and 316 nm, respectively.

LMG and its degradation products were identified by a high-
resolution mass spectrometer (HRMS) comprised of a HPLC
equipped with a Q-Exactive mass spectrometer (Thermo Fisher
Scientific, USA). Elution was performed at a flow rate of 0.2
mL min~ " with water and MeOH, employing a linear gradient as
follows: 95% A, 0-3 min; 95% to 5% A, 3-7 min; 5% A, 7-12 min;
5% to 95% A, 12-12.1 min; 95% A, 12.1-15 min. The sample
injection volume was 2 pL. Mass analyses were conducted in
negative mode using electrospray ionization (ESI) source. The
instrument parameters used for sample analysis were as
follows: ion transfer tube temperature of 350 °C; source
temperature of 300 °C; sheath gas pressure of 35 arb, auxiliary
gas pressure of 10 arb, spray voltage of 3500 V. Mass spectro-
metric data was collected at full scan mode over a mass range of
m/z 60-900 to identify the degradation products.

RSC Adv, 2026, 16, 16854-16864 | 16855
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2.4 Density functional theory calculations

Density functional theory (DFT) calculations were performed via
Gaussian 16 quantum chemistry computation package. The
optimization of the molecular geometry of LMG was performed
at M062x/6-31g+(d) level of theory. Solvation model based on
density (SMD) was used to investigate the solvent effect of water.
All the computed frequencies of the optimized structure were
positive, which means the energy stability of the structure. The
highest occupied molecular orbital (HOMO) of LMG was ob-
tained from Gaussview 6 software dependent on the checkpoint
file from Gaussian 16. Moreover, the electrophilic Fukui func-
tion was calculated to predict reactive sites of electrophilic
attack.*** This function was defined as follows:

10 (5 fiv(,)) - (a%)]v - (agz(vr))v(,> )

Here, p(r) denoted the electron density at a spatial position r, N
represented the total number of electrons in the system, and the
partial derivative was evaluated under a constant external
potential ». The condensed Fukui function, calculated on the
distribution of electron density distribution around an atom,
was here applied to simplify the calculations processes.*® The
condensed Fukui function can be obtained by eqn (2):

Electrophilic attack: fi ™ = ¢% — ¢%_1 (2)

where gk represents the atom charge population of the atom k
under a given electronic state, the f,~ provide the information
about different molecular locations. The larger the fi~ value, the
greater reaction activity of the site within the molecular.

2.5 Toxicity assay

The ecotoxicity of LMG and its products to aquatic organisms
were predicted using both Ecological Structure-Activity Rela-
tionship (ECOSAR, version 2.2). ECOSAR program was devel-
oped by the US EPA, OECD and EU, which has been successfully
used in the estimation of chemical toxicity including the LC50
to fish (96 h) and daphnia (48 h) and chronic toxicity values
(Chwv) for fish and daphnia.*”

Additionally, the luminescent bacteria test was conducted to
evaluate the acute toxicity of products during the degradation of
LMG by heat/PDS treatment. Based on the previous work,*® the
bacteria PPT; was applied as the source of luminescence. The
bacteria PPT; was activated by 2% NaCl solution, diluted by 3%
NacCl solution, and then exposed to sample solutions for 15 min.
Then Ensight Multimode Microplate Reader (PerkinElmer, MA,
USA) was adopted to record the luminescence intensity, and the
higher luminescence intensity represents the lower toxicity.
Detailed procedures were displayed in Text S2.

3 Results and discussion
3.1 Degradation of LMG by heat/PDS oxidation

As illustrated in Fig. 1, no removal of LMG was observed in
control experiments with heating or PDS alone over 180 min,
revealing that direct PDS oxidation or volatilization did not
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contribute to LMG degradation. In contrast, LMG was effectively
removed by heat/PDS oxidation (Fig. 1a). At the PDS concen-
tration of 0.2 mM, approximately 44.2% of LMG was decom-
posed at 180 min. Increasing PDS concentration to 1 mM
resulted in nearly complete removal over the same period, while
further increasing to 0.2 mM shorten the time for complete
degradation to 90 min. The degradation of LMG can be
described by a pseudo-first-order kinetic model (Fig. S1), with
the pseudo-first-order rate constant determined by the linear
regression of In([LMG],/[LMG],) against ¢ at condition (eqn (3)):

[LMG], — et 3)

" [Lmg],
where [LMG], and [LMG], are the concentration of BPA at time
0 and ¢, respectively. In the condition of 1 mM PDS at 60 °C, the
kobs Of LMG was calculated as 0.0255 min~'. Increasing the PDS
dosage to 2.0 mM raised kops to 0.0478 min~'. This enhance-
ment is attributed to greater generation of oxidizing species at
higher PDS concentrations in heat/PDS treatment.

Temperature also played a vital role in LMG degradation in
the heat/PDS oxidation (Fig. 1c and S2). Experiments conducted
between 40 °C and 80 °C demonstrated a strong positive
correlation between temperature and removal efficiency. The
kobs increased by a factor of 28.7 when the temperature was
raised from 40 to 70 °C, consistent with previous findings on the
degradation of atrazine in heat/PDS system.** When the
temperature further increased to 80 °C, the increase in kops
value became insignificant. This result suggested that practical
application of heat/PDS for LMG contaminated water should
balance efficiency with economic feasibility.

The temperature dependency of ks can be further evaluated
by Arrhenius equation (eqn (4)):

E?l

Inkops = “RT + In4 (4)
where E, is apparent activation energy, R is the universal gas
constant (8.314 ] mol " K™ '), A is the pre-exponential factor, and
T is the absolute temperature. Fig. 1d shows that In kops is
decreased linearly with increasing 7', revealing their rela-
tionship fitted well with Arrhenius equation.** Thus, the
apparent activation energy (E,) can be measured to be
88.7 k] mol~*, comparable to reported values, i.e. 108 k] mol~*
for trichloroethene (TCE) and 64.8 k] mol " for ciprofloxacin.®
It is noteworthy that although higher temperature facilitated
the degradation of LMG in heat/PDS oxidation, evaluated
scavenging reactions and faster depletion of PDS may occur
simultaneously, which may increase energy consumption.
Thus, identifying an optimal temperature is crucial for
successful remediation. Considering economic benefits and
degradation efficiency simultaneously, 60 °C was selected as the
reaction temperature for subsequent experiments in this work.

3.2 Reactive radical identification

Several research reported that various reactive species can be
generated in heat/PDS system. SO, can be generated via
activating PDS, which can react with H,O or OH™ to generate
OH'". Both OH" and SO,"~ could potentially attack LMG and lead

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Effect of PDS and temperature on the degradation of LMG by heat/PDS oxidation. Experimental conditions: LMG 10 pM, PDS 0.0-2.0 mM,

pH 7.0, temperature 40-80 °C.

to degradation. In the condition of 1 mM PDS at 60 °C, nearly
100% LMG was decomposed with the kops of 0.0255 min~". To
distinguish the roles of OH" and SO,", MEOH and TBA were
chosen as quenching agents. Generally, MEOH was known as
a radical quencher for both OH" and SO, ™ (kmron,on' = 9.7 X
10° M™' 87, kmmonso,~ = 1.1 x 10" M~ ' s™'), while TBA was
a selective quencher for OH" (krpaon = 3.8 x 10° M~ " s},
kreaso,~ =4 x 10° M~ " s7").% And the scavenging ratio of OH
and SO, by MEOH or TBA can be calculated as follows:

Scavenging ratio(radical, %) =
[quencher] X kquencher‘ radical
[qenChef] X kquenchen radical + [LMG] X kLMG, radical

(5)

where [quencher] and [LMG] represent the concentrations of
quencher (methanol or TBA) and LMG,
kquencher,radical aNd  kpma radical Tepresent the second-order
rate constant of radical reacting with quencher and LMG. The

8 npo1 o1
kmethanol, oty Krea,on and kpmg-on were 9.7 x 10° M~ s,

respectively;

Table 1 Scavenging ratio of *OH or SO,4'~ in heat/PDS condition by
MEOH or TBA

Scavenging ratio

‘OH SO,
MEOH 97.9% 59.5%
TBA 94.8% 5.1%

© 2026 The Author(s). Published by the Royal Society of Chemistry

3.8 x 10° M ' s7' and 2.1 x 10° M™' s, respectively. The
kmethanol,SOd"’ kTBA,SO4" and kLMG,sof were 1.1 x 10" M~} 571,
4.0 x 10° M ' s ' and 7.5 x 10* M~* s, respectively.'®* The
Scavenging ratio of each radical was summarized in Table 1.
Consequently, introducing 10 mM MEOH into the reaction
solution, 97.9% of OH' and 59.5% of SO,"~ was scavenged (Table
1). Under this condition, 44.4% LMG was degraded at 180 min
with the kops of 0.0034 min~" (Fig. 2 and S3). Substitution MEOH
with TBA resulted in about 94.8% of OH" and only 5.1% of SO, ™

LMG concentration (uM)
o

1
~-Heat
4 r ~-PDS
--Heat/PDS/MEOH
2 -A-Heat/PDS/TBA
-0-Heat/PDS
0 . . ——9
0 30 60 90 120 150 180

Time (min)

Fig.2 Effect of MEOH or TBA on the degradation of LMG by heat/PDS
oxidation. Experimental conditions: LMG 10 uM, PDS 1.0 mM, MEOH or
TBA 10 mM, pH 7.0, temperature 60 °C.
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being quenched, and the ks of LMG was 0.266 min ' which
extremely close to the ks obtained in heat/PDS system (Fig. 2
and S3). Above all, these results strongly signify the leading role
of SO," in LMG degradation in heat/PDS system.

3.3 Effects of nontarget natural water constituents

3.3.1 Halides. Halides, especially Br~ and Cl ™, are ubiquitous
in aquatic systems and may participate in radical mediated degra-
dation in SR-AOPs.**** Thus, their effects on LMG degradation were
investigated over environmentally relevant concentrations.

As can be seen in Fig. 3a, the k.ps value of LMG decreased
from 0.0255 min ' to 0.0101 min ' as Br~ concentration
increased from 0.00 to 0.10 mM. This inhibition is due to the
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competition of Br~ with LMG for SO, . It has been reported
that Br~ can scavenge SO, to form Br’ at a secondary rate
constant of 3.9 x 10° M~ ' s % then Br’ reacts with Br~ to form
Br," . Besides, the reaction of Br’ with H,O/OH ™ and Br~ with
HO’ can generate BrOH'~ which further reacting with Br~ to
form Br'". Finally, Br'~ is readily transformed to free bromine.
Both bromide radical and free bromine can be classified as
reactive bromine species (RBS). Although it has been reported
that RBS can serve as secondary oxidants, their oxidation
potentials (1.6-2.2 V vs. NHE) are lower than that of SO, ™,
making them less effective in oxidizing LMG. Thus, the
formation of RBS does not compensate for the loss of SO, ",
leading to net inhibition.
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%10 i Z0.02
= E
S sl Joor
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Fig. 3 Effect of (a) Br~, (b) Cl™, (c) NOM, (d) NH,", () NOs~ and (f) HCOz~ on the degradation of LMG by heat/PDS oxidation. Experimental
conditions: LMG 10 pM, PDS 1.0 mM, Br~ 0.0-0.1 mM, ClI= 0-10.0 mM, NOM 0-5 mg L~* (as TOC), NH,* 0-10 mM, NOz~ 0-10 mM, HCOs~ 0-

20 mM, pH 7.0, temperature 60 °C.
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The effect of CI” on LMG degradation was also explored. The
kops value was 0.0226 min~" in the presence of 0.1 mM Cl~, sim-
iliar to the control experiment (Fig. 3b). The bimolecular rate
constant of Cl~ reacting with SO, is 2.7 x 10° M " 57, close to
that of LMG (7.5 x 10* M ' s™"), indicating limited competition at
low Cl™ level. However, in the presence of higher concentration of
Cl™ (10 mM), the ks value dropped to 0.0106 min~*, suggesting
the effective quenching of SO, at higher CI™ concentration

X~ + S0, = X'+ S0 (R1)

X +X =X, (R2)

X, +Br = X, + X~ (R3)

X+X =X (R4)

X, + H,O0 == HXO+ H" + X~ (X =CI" or Br") (R5)

3.3.2 NOM. NOM, a mixture of macromolecular organic
compounds prevalent in natural environments, widely distrib-
uted in surface waters and groundwaters.*® Suwannee River
NOM was adopted to assess the role of NOM on LMG degra-
dation in heat/PDS treatment. As can be seen in Fig. 3c, the
addition of NOM can obviously hinder the degradation of LMG.
After 180 min reaction, the degradation efficiency and kops
values decreased from 97.37% and 0.0255 min~" in the blank
experiment to 73.14% and 0.0075 min ™, respectively, at a NOM
concentration of 2 mg L' (as TOC) (Fig. 3¢c). NOM macromol-
ecules comprise a variety of covalently bonded aromatic and
aliphatic moieties,*” which are susceptible to be attacked by
SO," to generate small-molecular organic fractions, which may
compete with the parent pollutants. Hou et al. reported that
SRNOM could react with SO,"” at a secondary order rate
constant of (1.53 + 0.058) x 10° L per mgC per s, consequently
reducing availability of SO,"~ for LMG.*® Overall, the inhibitory
effect of NOM on the degradation of LMG was primarily
ascribed to its scavenging action of SO,"".

3.3.3 Nitrogenous ions. NH," and NO;~ are common
nitrogenous ions, widespread in various water environments,
their concentrations usually reaching several milligrams per
liter in groundwater and even higher in eutrophicated waters.*
Fig. 3d showed that the addition of NH," retarded the LMG
degradation, and the retarding effect became more significant
with the increased NH," concentration. In the presence of
10 mM NH,', the k.ps value was only 0.0067 min~'. This
phenomenon was the result of the competition of NH," with
LMG for SO, ~.°>*! As reported, NH," can react with SO,"~ to
form aminyl radical (NH;) at a bimolecular reaction rate
constant of 3.5 x 10> M~' s™'.* Although the value is three
orders of magnitude lower than that of LMG reacting with SO,"~
(7.5 x 10 M~" s7"), the NH," concentration (mM level) in the
solution was hundreds of times higher than LMG concentration
(10 uM). This enabled NH," to compete for SO,"~ and thus
suppressed the degradation of LMG. As to NO; ™, its bimolecular
reaction rate constant with SO,"~ was only 2.1 M~ ' s~ ' %
implying that NO; ™ hardly participated in the reaction. As can
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be seen in Fig. 3e, the effect of NO;~ on LMG degradation in
heat/PDS oxidation process can be neglected.

NH," + SO, =NH, + S0, +2H" (R6)

3.3.4 HCO; . The effect of different concentrations of
HCO;™ on heat/PDS oxidation of LMG was investigated and the
results are shown in Fig. 3f. The degradation efficiency of LMG
in the presence of 10 mM HCO;™ after 180 min reaction is
89.20%, slightly lower than that in the absence of HCO; . The
kops decreased from 0.0255 min~* to 0.0097 min !, as HCO;~
concentration increased from 0 to 20 mM. Such results may be
attributed to reaction between HCO;  and SO,’~ to generate
weaker carbonate radical (CO;" ). Compared with SO, ~, CO3"~
has a lower redox potential (1.59-1.78 V vs. SHE), thus cannot
make for LMG degradation in heat/PDS oxidation.*

HCO;™ + S0, =CO; +S0,>” + H* (R7)

3.4 Mineralization and products transformation

Synchronous mineralization was also adopted to indicate the
performance of heat/PDS treatment. In presence of 2 mM PDS,
complete removal of LMG required approximately 90 min, while
the TOC removal stood at 20.59%. Extending the reaction time
to 180 min enhanced the mineralization ratio to 51.76%. The
mineralization extent reached 75.29% after 360 min reaction
(Fig. S5). Overall, the LMG can be effectively mineralized by
appropriately increasing reaction time, highlighting the adap-
tive conditions for the application of SR-AOPs.

Degradation products and transformation pathways were
investigated via theoretical calculation and MS analysis, (Table
S1). Based on the radical quenching experiments above, SO, ™
was confirmed as the dominate oxidant for LMG degradation. It is
well known that SO, ", as an electrophilic oxidant, preferentially
attacks electron-rich sites via single-electron transfer. The highest
occupied molecular orbital (HOMO) distribution shows the
electron-rich sites of the molecular structure.”® In another word,
HOMO indicates easy escape of electron which can be easily
attacked by SO,". As can be seen Fig. 4b, the HOMO mainly
localized on the triazine ring and amino functional groups,
revealing these sites highly prone to electrophilic attacks. This
electron distribution results from the activation of triazine ring
through electron-donating amino substituents, while benzene
ring is deactivated by electron-withdrawing chlorine atoms.

To further evaluate the vulnerable sites of LMG, the Fukui
index (f ') was employed. A higher f* value means a higher
reactivity.**** Fig. 4c shows the N16 atom of the amino group is
the most reactive site on LMG with f* of 0.665, suggesting it is
the most vulnerable for SO,"” attack, followed by electron
migration to C12, oxygen addition, and superoxide elimination
to yield an imine intermediate (Fig. S4). Subsequent hydrolysis
produces deaminated and hydroxylated products (Fig. 5,
Pathway2, P3%). Fig. 4c shows that the f ' value of another two
sites, N13 and N15, ranked only second to N16 (0.569 and 0.542,
respectively), suggesting these sites are also susceptible to SO,
oxidation. For N15, two degradation pathways might occur. One
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(c)
Atom Site '
c 1 0.139
C 2 0.118
c 3 0.124
c 4 0.020
(e} 5 0.049
C 6 0.041
Cl 7 -0.008
Cl 8 -0.006
(e} 9 0.263
C 10 -0.236
N 11 0.293
(e} 12 -0.316
N 1) 0.569
N 14 0.044
N 15 0.542
N 16 0.665
H 17 -0.142
H 18 -0.137
H 19 -0.136
H 20 -0.225
H 21 -0.227
H 22 -0.217
H 23 -0.219

Fig. 4 (a) Molecular structure, (b) HOMO and (c) electrophilic Fukui index of LMG.

possibility is that the single-electron oxidation on N15 formed
an N15-centered radical which underwent oxidation and
hydrolysis giving rise to another de-amino and hydroxylated
products (Fig. 5, Pathway2, P3P). Alternatively, the electron on
N15-centered radical might undergo intramolecular transfer to

e Cl ' el
| N=N ! ; |
! Hydroxylation 1
| \ )NH >
' N : 1
'\\ H P1 ) |
Pathway 1 I Addition /él
Cl Cl '
N=N Pathway 2 E
\ N/>—NH2 Hydroxylation i
1
HN LMG i Cl
‘ |
i
Pathway 3 | Hydroxylation :
v ‘\\
‘ Cl Cl OH B
| HN-N '/CI
! Hydroxylation )
i \ N/>‘NH2 il
‘ HoN P5
Bond cleavage :
: OH ¢
I HN-N A I
\ /) —NH;
i N !
N P8

Fig. 5 Degradation pathway of LMG in heat/PDS system.
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the dichlorophenyl ring, facilitating the addition of N15 to C3
and leading to the formation of a tricyclic heteroaromatic
product (Fig. 5c, Pathwayl, P1). Similar cyclization products
have been reported during the photodegradation of LMG, and
such addition reactions via single-electron oxidation are known

Hydroxylation

>

cl

HN-N’

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Toxicity evaluation of LMG and its degradation products by ECOSAR

Acute toxicity

Chronic toxicity

Fish Daphnid Green algae Fish Daphnid Green algae

LMG 3.64 0.53 0.294 0.115 0.053 0.113
P1 4.3 2.91 4.43 0.516 0.459 1.71
P2 55 20.9 68.7 5.29 2.17 9.49
P3? 13 1.08 2.14 0.122 0.225 0.362
p3® 5.52 0.734 1.07 0.062 0.145 0.195
P4 6.9 44.2 3.65 3.52 16 0.526
P5 21700 10100 3220 1670 556 535
P6* 872 466 271 79.4 38.4 61.9
p6® 2910000 1080000 141 000 173 000 32600 14 400
p7 2890 000 1080000 140 000 172 000 32400 14 300
P8 1270000 473 000 62200 75500 14 400 6400

to occur on aromatic systems.' In Pathway3, degradation was
initiated on N13 by SO," ™ attack, leading to the formation of P5.

P1, P3%, P3” and P5 were identified as primary products. P3? and
P3P are geometric isomers, due to the lack of authentic standards,
their formation cannot be distinguished and quantified. Thus, the
sum of the abundance of these two MS peaks can be applied to
exhibit their generation trends. As can be seen in Fig. S6, the sum
of P3® and P3P increased to a temporal maximum at 60 min, then
gradually decreased. Such results implied that they were the crucial
intermediates and can be further oxidized by SO, ~. P3 (both P3*
and P3P) and P4 shared the same core scaffold, differing only by
the replacement of an amino group in P3 with a hydroxyl group in
P4, suggesting that P3 undergoes deamination and hydroxylation
toyield P4. Likewise, P1 and P5 exhibited similar formation trends
(Fig. 5). Hydroxylation of P1 and P5 gave rise to P2 and P6 (both P6*
and P6"), respectively. P4 and P6 underwent further oxidation
contributed to P7. Additionally, P5 may undergo C-C bond
cleavage to release 2-hydroxy-3,5-diamino triazine (P8).

3.5 Toxicity evaluation

The ecological safety of heat/PDS treatment was assessed by
predicting the acute and chronic toxicity of LMG and its

degradation products using the ECOSAR software. All the
organic compounds were given in the unit of mg L™, which can
be classified as four toxicity grades, e.g., not harmful (>100.0),
harmful (10.0-100.0), toxic (1.0-10.0), and very toxic (<1.0).
Table 2 displays the predict acute and chronic toxicity to fish,
daphnid, and green algae. The acute LCs, values of the parent
LMG to Daphnid and green algae were 0.53 and 0.294 mg L™,
respectively, implying its high toxicity. The chronic toxicity of
LMG to fish, daphnid, and green algae was in a very toxic
degrade as well. Although P1 and P3 showed lower toxicity than
LMG, their predicted acute and chronic toxicity remained
between the very toxic and harmful categories (Table 2). In
contrast, the polyhydroxylated products (P5-P8) displayed
substantially reduced toxicity to fish, daphnid, and green algae,
with most values reaching the not harmful grade. This trend
indicates that progressive hydroxylation during LMG degrada-
tion generates less toxic compounds, and extended reaction
times favor the further oxidation of primary intermediates.
Furthermore, the toxicity during LMG degradation process via
heat/PDS treatment was evaluated by luminescence bacterium
test, where lower luminescence intensity corresponds to higher
toxicity. Initially, LMG was the sole compound in the reaction

120 50000
1 45000 =1 Luminscence
100
4 40000 Sum of P3a and P3b
+ 58055 (IM-H]- m/z 254.9846)
S 80 ] P1
] 1 30000 g (IM+H]+ m/z 254.0434)
: S
o L | & -O-P5
g 60 ( O 25000 = ™ (1M_H]- miz 272.0081)
o (7]
= { 20000 &
E R\
3w = \ 1 15000
56, | Lt 1 10000
Lo \o { 5000
0 0= —t 0
0 15 30 60 90 120 180
Time (min)

Fig. 6 The luminescence intensity of PPTs in LMG sample following heat/PDS oxidation. Experimental conditions: LMG 10 uM, PDS 1.0 mM, pH

7.0, temperature 60 °C.
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solution, and the luminescence intensity of bacteria PPT; was
60.98%, indicating its moderate acute toxicity. After 60 min
reaction, the luminescence intensity slightly increased to 64.75%,
with the toxic intermediates (P1 and P3) reaching their maximum
abundances (Fig. 6). Based on ECOSAR prediction, their pre-
dicted toxicity remains relatively high, which explains the limited
change in luminescence at this time point. As the reaction pro-
ceeded to 180 min, the luminescence intensity rose to 103.69%,
signifying the disappearance of acute toxicity. This detoxification
coincided with the substantial decline of primary products, and
the subsequent products (i.e. P6-P8) classified as not harmful via
ECOSAR software. The temporal correlation between the deple-
tion of toxic intermediates strongly suggests that the detoxifica-
tion is driven by the transformation of LMG and primary
products into polyhydroxylated derivatives.

Overall, the experimental data align well with ECOSAR
predictions and demonstrated that prolonged treatment effec-
tively converts toxic intermediates into innocuous products. It
should be noted that toxicological performance can be affected
by multiple combined factors and small changes in treatment.
Additionally, the particularities of degradation products physi-
cochemical characteristics and living organisms environmental
interaction also led to different toxicological responses. Thus, it
is suggested that further tests should be conducted to ensure
the ecological safety of effluent disposal.

4 Conclusion

This study found that LMG can be effectively degraded by heat/
PDS treatment. The degradation process follows pseudo-first-
order kinetics, with the rate constants increasing with higher
PDS dosage and temperature. SO, were identified as the
dominant reactive species responsible for the LMG oxidation. The
co-existing halides, NOM, NH," or HCO; ™~ served as scavengers of
SO, and suppressed the degradation, while NO;~ exert an
insignificant influence on LMG degradation. Dependent on the
DFT calculations and HRMS analysis, three possible degradation
pathways were proposed, including addition, hydroxylation and
ring cleavage. Both ECOSAR results and luminescence bacterium
test showed that most of products are less toxic than the parent
LMG, thus heat/PDS treatment can be used as an effective tech-
nique to detoxify the LMG-contaminated water.
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