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ABSTRACT

Peroxymonocarbonate (PMC)-based advanced oxidation systems have
recently emerged as promising methods for treating textile wastewater. In this
study, Reactive Yellow 160 (RY160) was selected as a target dye to investigate
optimal operating conditions and elucidate the contributions of individual
reactive oxygen species (ROS) in the PMC oxidation process. Experiments were
performed under the optimized conditions of 0.061 mM RY160 (50 mg/L), 20
mM NaHCOs;, 50 mM H>O», and 1.7 uM Co?®* at pH~9 (inherently buffered).
Under these conditions, the RY160 degradation efficiency reached ~36% after
180 mins and increased to 99.7% with 30 min of UV irradiation. ROS
quenching experiments indicated that hydroxyl radicals ((OH) and carbonate
radicals (COs3™) were the primary oxidants, contributing 42% and 47%,
respectively, to the overall degradation, while singlet oxygen ('O,) accounted
for ~6%. The steady-state concentrations of ‘OH and CO3™ in the PMC system
were determined to be 7.64 x 107° M and 2.50 x 107° M, respectively. These
findings provide mechanistic insight into PMC-mediated dye degradation and
support its potential application in advanced wastewater treatment.

Introduction

broad color range, and vibrant hues. However, these

The textile industry, in addition to consuming large
volumes of water, generates substantial amounts of
wastewater  containing dyes and toxic, non-
biodegradable organic compounds [1,2]. Dye-
containing effluents can increase the turbidity of water
bodies, elevate chemical oxygen demand (COD) and
biological oxygen demand (BOD), thereby reducing
dissolved oxygen levels and posing serious threats to
aquatic ecosystems. Furthermore, these pollutants can
enter the food chain, leading to drug resistance,
bioaccumulation, and  potential  genotoxic  or
carcinogenic effects [3,4]. Among dyes, reactive dyes
are widely used owing to their excellent color fastness,

same properties make them highly resistant to
degradation in  wastewater environments [5-7].
Therefore, the development and application of
effective, economical treatment methods for reactive
dyes prior to discharge are imperative to mitigate the
adverse impacts of the textile industry on ecosystems
and human health.

Traditional treatment technologies, such as adsorption,
membrane filtration, and biological processes, are
commonly employed to remove pollutants from textile
wastewater [6,8-12]. Physical methods, including
adsorption and membrane filtration, can be effective
for certain toxic organic compounds; however, they
often suffer from incomplete removal, high operational
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costs, and the need for frequent regeneration or
replacement of saturated adsorbents or fouled
membranes [8,10]. Biological methods employing
microorganisms such as fungi or microalgae are
environmentally friendly and cost-effective; however,
they require long treatment times and exhibit markedly
reduced efficiency at high dye concentrations or under
sudden pH fluctuations [9,11,13]. In recent years,
research on textile wastewater treatment has
increasingly focused on advanced oxidation processes
(AOPs), which rely on the generation of hydroxyl radicals
(OH) with high oxidative potential. Representative
examples include the Fenton process, peroxone,
H.O2/UV, O3/UV, TiO,/UV, and photocatalysis [6,14-16].
Among these, the Fenton and Fenton-like processes
(using metal ions to activate H>O;) are widely studied for
their effectiveness in decolorizing and decomposing
toxic organic compounds. However, they are limited by
a narrow optimal pH range (pH 2-4), low efficiency
under neutral or weakly alkaline conditions, high
chemical consumption to maintain acidic pH, and the
generation of large amounts of sludge due to metal ion
catalysts [17-19].

To overcome these drawbacks, PMC-based oxidation
systems have emerged as a promising alternative,
owing to their ability to operate efficiently under
alkaline conditions and their potential to completely
mineralize organic contaminants. PMC is generated in
situ via the reaction between hydrogen peroxide
(H,0,) and bicarbonate (HCO3") or carbonate (COs%),
producing multiple reactive oxygen species (ROS) such
as peroxymonocarbonate (HCO,"), superoxide anion
(0>), singlet oxygen ('02), carbonate radical (COs™),
hydroxy! radical (OH), hydrocarbonate radical (HCOs"),
and hydroperoxyl radical (HO;") [14,20,21]. The
presence of transition metal ions, particularly Co®*, can
markedly enhance the oxidative performance of PMC
systems by catalyzing the decomposition of H,O; and
facilitating ROS generation through redox cycling
between Co?* and Co®" [22-25]. Although the
PMC/Co?* system demonstrates high potential for
textile wastewater treatment, its reaction mechanism,
the optimal operating parameters for the degradation
process of different dye types, and the quantitative
contribution of individual ROS have not been fully
elucidated.

Previously, the removal of Reactive Yellow 160 (RY160),
a widely used reactive dye, has primarily relied on
adsorption [26,27], photocatalysis [28,29], and AOPs
[30-31]. Under typical conditions with an initial RY160
concentration of 50 mg/L, these methods achieved
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70-90% removal within 120 minutes, depending on the
treatment approach. For example, a Fenton process
catalyzed by Fe(lll)-modified laterite achieved 70%
removal after 120 minutes under optimized conditions
[31], whereas a nano ZrO,-photocatalytic system
reached 94% efficiency after 120 minutes of UV
irradiation [28]. While these techniques demonstrated
relatively high efficiencies, they still present notable
limitations.  Adsorption methods often generate
secondary waste requiring further treatment, and Fe-
based Fenton processes can lead to sludge
accumulation, complicating downstream handling and
disposal. Therefore, there is a strong need for
alternative oxidation systems, such as PMC-based
AOPs, which may offer high efficiency while minimizing
secondary pollution.

In light of these gaps, the present study investigates
the degradation of Reactive Yellow 160 (RY160) by a
PMC-based system in the presence and absence of
Co®" catalyst. Key operational parameters, including
catalyst dosage, oxidant concentration, and pH, were
systematically optimized. Furthermore, the study
identifies the contribution of distinct ROS to RY160
decolorization and quantifies the free radicals
generated in the PMC system.

Experiments
Chemicals

Sodium bicarbonate, hydrogen peroxide, cobalt(ll)
nitrate, copper(ll) nitrate, manganese(ll) nitrate,
nickel(ll) nitrate, zinc(ll) nitrate, iron(ll) nitrate,
dimethylamine (DMA), terephthalic acid (TA), sodium
azide (NaNs), tert-butanol (t-but), and ascorbic acid
(AA) were purchased from Sigma-Aldrich. RY160 dye
(C15H22C|N9N8201253) was supplied by Xi|Oﬂg (China).
All' chemicals, except for the RY160 dye, were of
analytical grade and used without further purification.

Methods

UV-Vis  molecular — absorption  spectroscopy:  The
absorbance of RY160 solutions was measured at 427
nm using a Genesys 30 Visible Spectrophotometer
(Thermo Scientific) after various reaction times. The
decolorization efficiency of RY160 was calculated using

equation (1): (Eg. 1), where Cp and

C: are the initial RY160 concentration and the
concentration at time ¢, respectively. The RY160
concentration was determined from the calibration
curve: A = (1.66 = 0.03) x 107 Cgyiso + (237 £ 1.77) x
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10 (UM) with a correlation coefficient R* = 0.9998, a
limit of detection (LOD) of 2.04 x 107 mM, a limit of
quantification (LOQ) of 6.80 x 107 mM, and a linear
range from 1.22 x 107 mM to 0.122 mM at pH 9.0.

Molecular  fluorescence  spectroscopy: For  DMA,
fluorescence intensity was recorded at Aem, pma = 360
nm (Aex = 298 nm); for hydroxylated TA (hTA),
fluorescence was recorded at Aem nta = 425 nm (Aex =
315 nm) using an  FL8500  Fluorescence
Spectrophotometer (PerkinElmer).

Results and discussion
Factors influencing the decolorization of RY160

The effects of various parameters, including catalyst
type, oxidant composition, oxidant concentration, pH,
and UV irradiation, on RY160 decolorization were
investigated at 25 °C with an initial dye concentration
of 50 mg/L under the reaction conditions summarized
in Table 1.

Table 1. Reaction conditions for the degradation of
RY160 by the PMC system

Entry pH HCOs™  H.0. M?* catalyst UV
(mM) (mM) (UM)
9 20 50 0 No
2=6 9 20 50 0.1 ppm No
(Co?*, Cu?,
Ni2+l Fe2+l
Mn2*)
7 9 0 50 0 No
8 9 0 50 1.7 (Co?") No
9+13 5,10, 12.5,25, 1.7 (Co®) No
30,50, 75,125,
70 175
1418 6- 20 50 1.7 (Co?") No
N
19 9 0 0 0 uv
20 9 0 25 0 uv
21 9 0 25 1.7 (Co%") uv
22 9 10 25 1.7 (Co?") uv

Catalyst effect and Co?* activation mechanism

In Fig. 1(a), the results obtained from Entries 16 reveal
that the catalytic performance of the PMC system
varied significantly depending on the transition metal
ions present. While Ni#* and Mn®" reduced the
decolorization efficiency and Fe** showed negligible
influence, both Co”* and Cu®* enhanced the process.
Notably, Co®* exhibited the most pronounced

improvement: after 180 min, RY160 removal in the
PMC/Co®* system was 2.9 times higher than in
PMC/Cu®" and 4.6 times higher than in PMC without a
catalyst. Similar findings were also previously reported
for the degradation of other reactive dyes by the PMC
system [32-34]. The high catalytic activity of Co®* can
be rationalized by its electronic structure and redox
flexibility. With a 3d’ configuration, Co?* possesses
three unfilled d orbitals that provide favorable orbital
interactions with PMC, facilitating radical generation.
Moreover, Co** readily undergoes redox cycling
between Co®* and Co’*, enabling efficient electron
transfer to sustain oxidative reactions. Although other
tested metal ions (Fe’*, Cu®*, Ni**, Mn?*) can also exist
in multiple oxidation states and participate in electron
exchange [35], their catalytic efficiency was
considerably lower than that of Co®*. In particular, the
negative effects of Ni#* and Mn*" ions can be
attributed to their tendency to catalyze HO;
decomposition, which reduces the available PMC
concentration in solutions and thus suppresses the
degradation efficiency.

0 30

120 150 180 0 30 60 90 1220 150 180

60 %0
t, minutes
40 —e— 5mM HCO3 (©)
—— 10mM HCO3
—&— 20mM HCO3
30 {—8—30mM HCO3
2 |—e—somMHo3
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—— H2O02/UV
—&— H02/Co2+/UV
—o— HCO4-/Ca+/UV
—a— HCO4-/Co2+
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t, minutes

Fig 1. Influence of various factors on the decolorization
efficiency of RY160: (a) catalysts, (b) oxidation system
composition with and without Co®*, (c) various HCOs~
concentrations (HCOs3™: H,O, molar ratio = 1: 2.5), (d)
pH, and (e) UV irradiation in combination with different
oxidation systems

The superior performance of Co”" in PMC-based AOPs
is specifically linked to its unique redox cycling ability
with HCO.™. Co?®* readily coordinates with HCO4™ to
form an unstable complex that undergoes a one-
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electron transfer, generating Co** along with ROSs
such as COs™™ and "OH. Co’* is then reduced back to
Co®* by H.0, or other reductants, sustaining the
catalytic cycle and continuous ROS generation [22-25],
thereby accelerating RY160 degradation more
effectively than other tested metals.

The main steps in the Co**/PMC redox cycle are:
PMC formation: HCOs™ + H.O, — HCO4 + H,O

PMC activation by Co?*:

HCO4 + Co®" — CO3* + Co*" + "OH

HCO4 + Co®" —» Co®" + OH + CO3™

Co’* regeneration:

H,0> + Co®" — HOy" + Co® + H*

Radical transformation: "OH + HCO3™ — COs3™™ + H.O

This Co**/Co* redox cycle enables continuous ROS
generation without catalyst loss, accounting for the
enhanced oxidation rate. The high selectivity of COs™
toward electron-rich organic moieties complements
the non-selective, high-potential oxidation by ‘OH,
providing both efficiency and specificity in dye
degradation.

Oxidation system composition

The effect of the oxidation system composition, studied
with Entries 1, 2, 7, 8, and demonstrated in Fig. 1(b),
highlights the synergistic effect between PMC and
Co®*. In the HOz-only system, Co®* slightly improved
RY160 removal (1.76 % — 5.49 % in 180 mins) via slow
Fenton-like "OH generation under near-neutral
medium (pH 9). In the PMC system, however, Co?*
boosted efficiency from 7.91% to 36.52%, owing to its
ability to activate HCO4™ through complex formation, as
mentioned above, promoting decomposition into "*OH
and COs" radicals. The latter provides selective oxidation
while complementing the high reactivity of ‘OH. Even
without Co™*, the PMC/H,O> system achieved 4 .4-fold
higher efficiency than H,O; alone; with Co®*, this rose to
6.7-fold  higher than H.0,/Co™, reflecting dual
activation of both HCO,™ and H2Oz. These trends align
with prior studies on rhodamine B [32], reactive blue 19
(RB19) [33], and reactive blue 21 (RB21) [34], confirming
PMC's superiority over conventional Fenton-like systems
under near-neutral pH.

Oxidant concentration

The influence of oxidant concentration, represented by
HCO;™ (HCO;3;™: H,O, molar ratio = 1:.2.5), was
investigated with Entries 2, 9+13 and is shown in Fig.
1(c). Increasing HCO3™ concentration from 5 mM to 20
mM improved decolorization efficiency due to
enhanced HCO4 formation and ROS generation. The
optimal efficiency occurred at the HCOs™ concentration
https://doi.org/10.62239/jca.2025.038
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of 20 mM, while higher concentrations decreased
performance as excess HCOs3™ and H:O; promoted the
reaction of H,O, with "OH to form less reactive
hydroperoxyl radical (HO;"), thereby lowering oxidation
capacity. Consequently, 20 mM HCOs™: 50 mM HO;
was selected as the optimal concentration for 50 mg/L
RY160 treatment. Whereas the optimal concentration of
HCOs™: H,O; reported for 50 mg/L RB21 treatment was
50 mM: 100 mM [34].

pH effect

The effect of pH on RY160 decolorization, obtained
from Entries 2, 14+18, is illustrated in Fig. 1(d). Optimal
efficiency was observed in near-neutral range (pH 7-9),
consistent with the pH-dependent speciation of
carbonate in the PMC system: HCOs;™ predominates
near pH 8, COs*” becomes dominant at higher pH, and
CO; prevails under more acidic conditions. The
predominance of HCOs™ in this range not only favors
HCO4~ generation but also enhances its activation by
Co?*, which catalyzes the decomposition of HCO4™ to
yield ROSs such as "OH and COs™. This occurs through
a redox cycle as mentioned above. Moreover, since the
PMC system possesses inherent buffer capacity in the
8-9 range, no pH adjustment was required for effective
RY160 treatment. Importantly, this pH range also
supports efficient Co®*/Co® cycling, ensuring sustained
ROS production.

UV irradiation

The influence of pH on RY160 decolorization was
studied with Entries 2, 19+22. As shown in Fig. 1(e), UV
irradiation markedly accelerated RY160 decolorization,
with  UV/PMC/Co®*,  UV/H,0, and UV/H,O,/Co™
systems all achieving >99% removal within 15 min. This
enhancement arises from the photolysis of H.O; and
PMC under UV light, generating ‘OH and COs™ at a
much higher rate. The rapid ROS generation under UV
not only increases the oxidation potential but also
synergizes with the Co®*-mediated catalytic cycle,
sustaining continuous radical production. In contrast,
UV alone vyielded only 7.54% removal after 30 min,
confirming  that photolysis  without oxidants s
insufficient. The PMC/Co?* system without UV achieved
~15% removal, underscoring PMC's inherent oxidative
capacity, but the dramatic rate increase with UV
demonstrates the dominant role of photogenerated
radicals in the overall process. These findings are
consistent with previous reports on the UV/PMC and
UV/HO; systems for other reactive dyes such as RB19
[33] and RB21 [34]. Notably, the performance here was
better than that of the nano ZrO.-photocatalytic
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system reported by [28], which required 120 minutes of
UV irradiation to achieve 94% removal of RY160.

Evaluation of ROS contribution to RY160 degradation

The role of individual ROS in RY160 degradation was
assessed using selective scavengers: DMA for COs™, t-
but for "OH, NaNs for 'O, and AA for non-selective
ROS qguenching. All experiments were performed in a
100-mL reactor with magnetic stirring at 25 °C under
the optimized conditions: 20 mM NaHCOs;, 50 mM
H.02, 1.7 uM Co?*, pH ~ 9. Scavengers were added at
varying concentrations: DMA (0.08, 0.16, and 0.21 mM)
or t-but (0.5, 1, and 95 mM) or NaNjs (10, and 15 mM)
or AA (2.5, 5, and 10 mM), followed by an addition of
0.0611 mM RY160 dye. Dye degradation followed

pseudo-first-order kinetics: In% =—kxt (Eq. 2) where
0

k is the rate constant, Co and C; are the initial and time-
t concentration of RY160 dye. The relative contribution
of each ROS was estimated using

k, —k
% Contribution = Ok 2x100 (Eq. 3), where ko and kq

0
are the rate constants without and with scavenger,
respectively, which are determined from the linear
kinetic plots of RY160 deradation over time as depicted
in Figures 2 (b) — (e).
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Fig 2: (a) Decolorization efficiency of RY160 over time
and (b) Kinetic plots without and with various ROS
scavengers: DMA, t-but, NaNs, and AA. Kinetic plots of
RY160 decolorization at different concentrations of
individual scavengers: (c) t-but, (d) DMA, (e) NaNjs,
and (f) AA.

As shown in Fig. 2(a), the addition of AA drastically
reduced the removal efficiency to ~6% after 180 min,
confirming that ROS-driven oxidation dominates the
degradation pathway. A similar suppression trend was
observed with t-but and DMA, indicating that *OH and
COs" are the two primary oxidants in the PMC system.
In contrast, NaN; caused only a slight decrease in
RY160 decolorization rate, suggesting a relatively minor
role of 'O,. Kinetic fitting of the first 60 min (Figs. 2b—e)
yielded the contributions shown in Table 2: "OH
(47.0%), COs™™ (42.0%), 'O; (5.9%), and other oxidizing
species (5.1%). These results demonstrate that ‘OH and
COs" contribute almost equally and account for ~90%
of the total oxidative degradation of RY160 by the PMC
system, whereas other ROSs contribute less than 10%.

Table 2. Contribution of individual ROS to RY160

degradation.
ROS Scavengers  kqX10%, min  Contribution (%)
‘OH TA 3.00 42
COs™ DMA 2.74 47
0, NaN3 4.84 59
all ROSs AA 0.28 94.6
- No scavenger 517 -

Interestingly, this contribution trend differs markedly
from our previous work on reactive dye RB21
degradation using the PMC system (50 mM NaHCOs,
100 mM H.05, 1.7 uM Co** at pH ~ 9), where CO;™
accounted for 98.2% of the oxidation [34]. The shift in
ROS contribution can be attributed to the differences
in dye molecular structures. Structural features such as
electron-withdrawing or electron-donating
substituents, chromophore type, and steric hindrance
can alter the reactivity toward 'OH or COs™, favoring
one pathway while diminishing the other. In the case of
RY160, its structure appears to facilitate electrophilic
attack by "OH, thereby increasing "OH’s relative role
compared to CO3™.

Determination of the steady-state concentrations of
COs"~ and "OH radicals in the PMC system

Steady-state concentrations of COs™ and "OH radicals
generated in the PMC system were estimated from
their kinetic reactions with specific  scavengers.
Experiments were conducted in a 25-mL reaction
vessel at 25°C with magnetic stirring. The PMC system
consisted of 20 mM NaHCOs, 50 mM HO;, and 1.7 uM
Co?*, with either 0.2655 mM DMA (CO5™™ scavenger) or
0.099 mM TA ('OH scavenger). At certain time intervals
t (minutes), 0.5-mL aliquots were taken and analyzed
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for fluorescence emission to monitor radical quenching
and calculate radical concentrations.

COs" radicals

DMA selectively reacts with COs™ (ks = 1.8 x 10° M™
s to form non-fluorescent products [36]. Since DMA
itself fluoresces at 360 nm (A = 298 nm), its
fluorescence decay can be directly correlated with
COs™ consumption. The kinetic relationship is given by:

|
InL =—k, x Ceor xt=—kixt (Eq-4) where lo and |, are
0

the initial and the time-t fluorescence intensities,
respectively, and ki =18x 10" x .- .

From the fluorescence spectra of the reaction mixture
over time (Fig 3a), the plot of In(ly/lo) versus time ¢ (Fig.
3b) yielded a slope of 0.0849 min™, giving a steady-
state CO5""concentration of 7.64 x 107 M.

"""" amn b t, minutes
@ - amn 0 ( )10 20 30 40
8 Bron 0 -
— - 25 gy e,
4 .,

Inl/lo = -0,0849x t
3 R? = 0,999

(d) Chra=0,025xt
2 R2=0,9991 .

lemX 103
Cprax 101, mM
L]

t, minutes

Fig 3. Fluorescence spectra of the reaction solution
over time in the presence of (a) DMA for CO5™
detection and (c) TA for "OH detection; Kinetic plots of
the quenching reactions: (b) COs™™ quenching by DMA
and (d) "OH quenching by TA.

*OH radicals

TA rapidly reacts with "OH (ko = 4.1 x 10° M™" 57" [37])
to produce 2-hydroxyterephthalic acid (hTA), which
fluoresces at 425 nm (A = 315 nm). The reaction
follows second-order kinetics (Eq. 5):

dlhTA]

dt

where k> = 4,1.10° M's™, k! = k, x['OH].
Under excess TA, pseudo-first-order behavior was
assumed, leading to Eq. 6: C, , = k/xt (EqQ. 6), where

= k, x["'OH] x[TA] = k! x[TA] (Eq. 5)

hTA
k! =k, x['OH]x[TA] is the slope obtained from the
kinetic plot of hTA concentration (Cnra) versus time t
(Fig. 3d). This slope was 2.5 x 107° min™, corresponding
to a steady-state "OH concentration of 196 x 107'® M,
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about three orders of magnitude lower than COs™,
which aligns with the prior findings [28].

This disparity in radical concentration, combined with
the similar contributions of ‘OH and COs™ to overall
degradation, explains the relatively low decolorization
efficiency of RY160 by the PMC system in the absence
of UV and the dramatic enhancement observed under
UV irradiation.

Conclusion

The PMC system (HCO;/H.O,/Co®™) effectively
degrades RY160 under slightly alkaline conditions,
achieving ~40% decolorization after 180 mins without
pH adjustment, and a complete removal within 30 mins
under UV irradiation. ROS scavengers showed that "OH
and COs™ are the main oxidants, contributing nearly
equally to the degradation process, while 'O, and
other ROS play only minor roles. The distinct ROS
contribution pattern compared with RB21 degradation
underscores the influence of dye molecular structure
on oxidation pathways. Tailoring PMC operating
conditions to target the dominant ROS pathway for
specific dye structures can improve treatment
efficiency, making this system a promising and
adaptable approach for removing a broad spectrum of
azo dyes from textile effluents, supporting its potential
application in sustainable wastewater management.
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