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Abstract: Advanced oxidation processes employing sulphateats (SQ*) are effective techniques to degrade
trace organic pollutants in wastewaters. Herein,*S@re generated from peroxymonosulphate (PMS) and
peroxydisulphate (PDSja UV-Vis activation for the degradation of Acid bla29 (AB 129) dye. The activation
was performed using four different UV-Vis lamps, -IQ0, HG-Z1, HG-Z2 and HG-Z3, which emit different
electromagnetic radiation wavelengths. DegradatibAB 129 was performed at various conditions, uidahg
different oxidant concentrations. In order to easduthe efficiency of the processes, the kinetie canstant was
calculatedvia a pseudo-first-order kinetics model. In additithve detailed oxidative degradation pathway of AB
129 induced by S was determined for the first time to the bestwf knowledge. Finally, the ECOSAR model
indicates that the toxicity of the treated solutmnAcid blue 129 initially increases and then @eses across
daphnids, fish, and green algae during degradation.
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I ntroduction

Advanced oxidation processes (AOPs) are chemicalgsses that use highly reactive
radical species to remediate pollutants in wateB][1AOPs are found to be effective in
treating refractory contaminants resistant to otdmgventional techniques [4, 5]. They have
been intensively investigated for the remediatibrwastewaters generated from different
industries [6], including food [7], petroleum refiries [8, 9] and textiles [10]. Traditionally,
these processes usually employ highly reactive dwydr radicals (HO) generated,
e.g., from hydrogen peroxide {8,), to treat wastes and contaminants [11]. Howesiace
HO® has a very short half-life (~IDus) and is often not economically feasible, altéueat
AOPs centred on the same strategy have been dedelemploying sulphate radicals
(SO*) [12]. These SE- have higher stability and longer half-life (~86 - 40us) as well
as they typically favour electron transfer reactioms opposed to HQ which react
primarily via addition and H-abstraction [13, 14].

The peroxymonosulphate anion (PMS, HSGand peroxydisulphate anion (PDS,
S,0%) are strong oxidants with a redox potential of ¥.4nd 2.01 V, respectively [15].
SQO,*- can be generated by the catalytic activation oSRW PDS by transition metals [16],
electrolysis [17], radiolysis and UV irradiationgJl(Eqgs. (1)-(4)) [18-20].

HSO3 + hv - SO;~ + HO" (1)
HSOZ + e~ - SO;~ + HO™ )

S,02" + hv - 2505 ©)
S,02 4+ e~ > SO} + S02~ ()

When sulphate radicals are present in an aqueowumeat basic pH, they can
produce HO, as shown in equation [21]:

SO;” + OH™ — HO" + S02~ (5)

Among the methods employed, UV light with a wavetbnof 200 nm - 400 nm has
been reported as an ecologically benign techniquegdnerate sulphate radicals for
degrading contaminants with high quantum efficieraryd no concerns with metallic
catalyst leakage [22]. Photoactivation of PMS aB&Ran degrade pollutants efficiently as
well as mineralise them under mild condition [2Blurthermore, UV irradiation is often
used in many water treatment procedures [24, P8Juding disinfection, the addition of
PMS and PDS, can result in a synergistic directgegradation and free radical oxidation
[26]. UV-activated systems typically involve twoeps in the degradation of pollutants
[27]. UV irradiation could induce cleavage of cheali bonds, leading to the direct
degradation of certain pollutants [28]. Howevermso contaminants are resistant to
photolysis; therefore, direct photodegradatiomsgnificant [29]. On the other hand, in the
indirect pathway, the energy from the UV light alea the peroxide bond of PMS/PDS,
producing S@ [Eq. (3) for PDS] and both SO and HO in the case of PMS [Eq. (1)]
[15]. These S¢- and HO obtained are strong oxidants capable of degradingerous
pollutants [30-32].

Li et al. developed a steady-state kinetic modekstimate the concentrations of
reactive oxygen species (ROS) and their effect lo& degradation of 4-chloro-3,5-
dimethylphenol under various reaction conditiong&in insight into the reactive species
involved in UV-activated persulfate system. Theulessindicated that the SO was the
predominant radical responsible for pollutant ddgteon, and that the overall process
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efficiency strongly depends on the SOconcentration [33]. Further, in a UV/PDS system
at pH 7, Liu et al. observed that $Ocould be the primary active species in the
degradation of oxytetracycline [34]. In additiongbl, UV activation of PMS/PDS is also
strongly influenced by parameters such as the wagth of the UV light utilised in the
activation [35]. The UV electromagnetic spectrunhiah is most widely described as
10 nm - 400 nm, may be segmented into many rangepecified by 1ISO-21348. For the
purposes of spectroscopy, the first classificattoas follows: near UV: 300 nm - 400 nm;
middle UV: 200 nm - 300 nm; far UV: 122 nm - 200 ;nextreme UV: 10 nm - 121 nm.
Further classifications include UV-A: 315 nm - 46f; UV-B: 280 nm - 315 nm; UV-C:
100 nm - 280 nm. Due to its ability to photocherticactivate numerous oxidant sources,
short-wave UV-C has been used in several studiés B¥]. Persulphate, hydrogen
peroxide, and free chlorine have been activatedgubiV-C at a wavelength of 254 nm
[38]. According to the observations made by Vermale UV light of wavelength 260 nm
is more efficient than UV light with wavelengths 70 nm, 280 nm and 290 nm in the
activation of PMS to obtain a greater Anatoxin-grdeation [39]. The excitation energy at
260 nm is strong enough to promote cleavage ofpxide bond of persulphates,
resulting in the generation of $© and HO and causing the degradation of the
contaminant. Using shorter UV wavelengths to atéividMS or PDS may result in faster
pollutant breakdown but a more significant energgtcLEDs have recently been adopted
as an emission source owing to their lower powarsomption, faster warm-up time,
durability, and ease of use [40]; nevertheless, LBDs’ high cost and limited output
power limit their application in large-scale treatm facilities [22]. Prolonged exposure to
UV-C radiation can cause skin damage and potentinlirease the risk of skin cancer.
In contrast, long-wave ultraviolet radiation, suah UV-A, is less hazardous to biological
tissues due to its lower frequency and photon gnédgvertheless, both UV-A and UV-B
radiation can be harnessed to promote environntgrtandly photochemical processes.
Furthermore, utilising simulated solar radiation ntzoning both UV and visible
wavelengths can be beneficial for PMS/PDS activatespecially in the presence of an
additional photocatalyst [35]. As a result, reshardocused on developing
persulphate-based AOPs that are activated by sietulagolar radiation has gained
significant attention. This allows for more effinteutilisation of sunlight, making the
process economically viable. However, for scienti@asons, lamps are easier to utilise and
manage than solar light [41].

Dyes are chemical compounds used to impart colouextiles, leather, paper and
other materials. The wastewaters resulting fronmsdghandustries contain residual dyes
[42, 43]. When released into water bodies, theyaféect the aesthetic quality and clarity
of the water, while also harming aquatic life bgueing sunlight penetration, obstructing
photosynthesis, and causing oxygen deficiency. Atice 129 (AB 129) is classified as
an anthraquinone dye due to its characteristicmbphore, and it poses ecotoxic hazards
and a risk of bioaccumulation in the environment][Moreover, it can serve as a model
pollutant for investigating the sulphate radicalkacced oxidation processes (SR-AOP)
systems.

Recently, our group has reported on the degradatfoAB 129 by a UV-Vis/PDS
system [44], and determined the ecotoxicity of bgejucts produced by UV-Vis/PDS and
UV-Vis/PMS [45]. Herein, we investigate the actioat of PMS and PDS systems for the
decolourisation of AB 129 using four different UMsVIlamps. To the best of our
knowledge, this is the first study employing foulyzhromatic lamps for PMS and PDS
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activation under UV-Vis irradiation. In additiom) &n-depth oxidative degradation pathway
of AB 129 is reported for the first time. Finallie toxicity of AB 129 and its by-products

was analysed using the Ecological Structure Agtifelationships (ECOSAR) predictive

model. The analysis included both acute and chrniicity categories for daphnid, fish,

and green algae species [46]. The results obtaioeldl help determine the most suitable
polychromatic lamp for AB 129 degradation, consiggrboth energy consumption and
treatment efficiency.

Materials and methods
Chemicals

Oxone [triple salt, KHS® - 0.5KHSQ - 0.5K:S0O, source of peroxymonosulphate
(PMS)], sodium peroxydisulphate (PDS, persulphat&S,0g) and Acid blue (AB 129,
CoHigNoNaGsS, 25 % dye content) were procured from Merck (RoznPoland).
The studies were carried out with deionised wat8.2 MQ-cm) acquired from the
Polwater DL2-90 system (Labopol-Polwater, Krakowland).

Analytical

The pH of the reaction mixture was measured usmgnaLat’pH7310 (Weilheim,
Germany) pH meter with SenTi&1 pH electrodes.

Hach Lange, DR 5000 UV-Vis spectrophotometer (Varweo, WA, USA) was used to
measure the visible spectrum of the samples wittér420 nm -750 nm wavelength range.

The analysis of the reaction by-product involvethgsGC-MS chromatography after
a prior step of solid-phase extraction (SPE). TR& Svas conducted using Supelclean™
ENVI-18 columns supplied by Sigma-Aldrich (Pozndpland). The chromatographic
analysis was executed using the Agilent Technoto@i&90 B GC-MS(EI) chromatograph
(Santa Clara, USA). The specific protocols and mashfor operating and analysing were
outlined in a previously published study [45].

Decolourisation experiments

Decolourisation of AB 129 was performed accordiagtr recently published article
with a modified setup [44]. Briefly, in a 100 mLaetor, a 54.5 uM solution of AB 129 and
different concentrations of PMS/PDS (0.625 mM, 1i@8l, and 2.5 mM) were prepared.
After that, the pH of the solutions was adjustethvi M NaOH or HSQ, solution, and the
prepared reactor was irradiated with UV-Vis lighhile being stirred constantly. UV-Vis
lamps (medium-pressure mercury UV-Vis lamps; Hesaedanau, Germany) model
TQ-150, HG-Z1, HG-Z2, and HG-Z3 were used as UV-&6srces in the study. The lamps
were placed in a cooling jacket made of quartz gIGBURAN 50) and filled with
recirculating tap water to ensure a constant teatper of (21 + 1) °C. The effective arc
length (electrode gap) of all evaluated UV-Vis lampas 44 mm, while the optical path of
light in all treated samples was < 2 cm. Accordity the data provided by the
manufacturer, lamps in the cooling jacket emanattiation with wavelengthif.) as
provided in Table 1. Each of these waves posseliffesent energy.



Comparative study of four UV-VIS lamps for perswdpds-activated degradation of Acid blue 129 11

Table 1
Wavelength and flux of the emanating radiation fidifferent lamps (values refer to the lamp usethéDuran
50 sleeve, values are given by the manufacturer)

Lamp Aecc [NM] o [W]
TQ-150 297, 302, 313, 334, 366, 390, 405/08, 436, 0.1, 0.5, 2.5,0.4,5.8,0.1, 2.9, 3.6,
492, 546, 577/79 0.1,4.6,4.2

297, 302, 313, 334, 352, 366, 378,390,/ 0.4,05,1.9,0.3,04,5.0,0.6,0.9,

HG-Z1 405/08, 417, 436, 492, 535, 546, 577/79 4.1,3.9,3.9,03,0.3,4.2,4.2
HG-Z2 302, 313, 322, 334, 352, 366, 378, 405/08, 0.1, 1.0, 0.7, 0.3, 5.6, 3.2, 3.8, 1.0,
436, 536, 546, 577/79 2.1,12.6,24,15
297, 302, 313, 326, 334, 340, 346, 361, 3¢6,0.2,0.5, 2.1, 0.5, 0.4, 0.5, 1.3, 2.5,
HG-Z3 390, 405/08, 436, 467, 480, 492, 508, 546, 5.8,0.4,1.9,4.4,0.5,1.5,0.3, 1.9,
577179 4.5,4.6

ECOSAR simulation

In this study, ECOSAR 2.2 from the U.S. EnvironnaérRrotection Agency (EPA)
was applied for ecotoxicological assessment [4W]Joganic compounds were modelled in
their neutral organic forms during the ECOSAR siatioh. The exposure durations were
set at 96 hours for fish, 48 hours for daphnids, @& hours for green algae. Toxicity was
computed using LC50 for fish and daphnids, and Ef@s@reen algae. In the simulation
processes, toxicity is assessed across four caésgdd-1 (very toxic), 1-10 (toxic),
10-100 (harmful), and over 100 (not harmful) [46].

Results

This study aimed to directly correlate the activatof PMS and PDS systems utilising
four different lamps. Herein, we have used TQ-13G-Z1, HG-Z2 and HG-Z3 lamps as
UV-Vis sources emanating radiations of differentvelangths (Table 1). Previous studies
and our unpublished data indicate that PMS and RRISbit low reactivity without
activation to generate reactive species for effeatiegradation [29]. Furthermore, AB 129
has been shown to be resistant to direct UV phsi®lyecause the energy of photons with
wavelengths spanning from 297 nm to 578 nm is figeht to break down the dye
molecule in the studied time [44]. The decolouiatf AB 129 dye was carried out at
an initial concentration of 54.5 uM with three difént dosages of oxidants: 0.625 mM,
1.25 mM and 2.5 mM exposed to irradiation for 15n.mrhe generation of HOvia
oxidation of water molecules can be disregarded, tlis process is very slow
(6.6- 10° M~* s and insignificant in the experiment's timescal8][ The decolourisation
of AB 129 via activation of PMS and PDS under different lampd aoncentrations is
given in Figure 1.

From the figure, it is evident that the degradatiowl the rate of degradation increase
with the increase in the concentration of PMS amSPThe increased generation of
reactive oxygen species at higher oxidant conctor® is the cause of this phenomenon,
which has been widely reported in the literatur@, B0]. Nevertheless, excessive PMS/PDS
in the treatment of organic pollutants not onlyréases remediation costs but also converts
sulphate radicals into sulphate anions [51], whadfects the taste and quality of the
drinking water [52]. Furthermore, higher PMS/PDSn@entrations may inhibit the
decolourisation owing to the self-scavenging ofctiea oxidising species [53]. However,
this behaviour was not seen at the concentratised in this study, which is in agreement
with our previous studies [44, 45].
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Fig. 1. Decolourisation of AB 129 by: a) - ¢) UV4A/PMS system and d) - f) UV-Vis/PDS system at
different concentrations of oxidising agents

A pseudo-first-order kinetics model (Eq. (6)) waslised to better analyse the
decolourisation of AB 129 under UV-Vis activated BMDS systems:

In(A4./Aq) = _kapp"L (6)

where, A, and A are the absorbance of the solutions recordedrat @ and timd [min],
kapp is the apparent pseudo-first-order reaction ratestant.
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Fig. 2. Effect of the concentration of: a) UV-VitMB and b) UV-Vis/PDS concentration on AB 129
decolourisation rate constant

Figure 2 shows that the UV-Vis/PDS system degradés 129 better than
UV-Vis/PMS at the same oxidant concentration. Tikibecause, for every mole of PDS,
two moles of S¢J- are generated, while in the case of PMS, one wbR0O,*~ and one
mole of HO are generated. Owing to the different reactionmatsms, the generated MO
have a negligible effect on the AB 129 degradafizt}. HO® reacts primarilywia hydrogen



Comparative study of four UV-VIS lamps for perswdpés-activated degradation of Acid blue 129 13

abstraction or addition, whereas SQOreacts mainlyia electron transfer, making it highly
reactive towards the -NH- group of AB 129 [44, 5%his mechanism was investigated
computationally, with the exact site of electraansfer determined by Waclawek [55].

The efficiency of different UV-Vis lamps in degradi AB 129 was evaluated at
various oxidant concentrations (Fig. 3). With th¥-Mis/PMS system, TQ-150 performs
the best at the end of 15 min at every concentrafiollowed by HG-Z1, HG-Z2 and
HG-Z3. The efficiency of TQ-150 increases from %7 ~81 % and ~88 % as the PMS
dosage is increased from 0.625 mM, 1.25 mM and N3, respectively. However,
a significant increase in the degradation efficiemdth concentration was observed in
HG-Z1, and HG-Z2 lamps, whose efficiency leapt fre®9 % and ~24 % to ~86 % and
~84 % as the concentration of the oxidant was aszd from 0.625 mM to 2.5 mM.
HG-Z3 exhibited the lowest efficiency at all contrations, with a ~58 % at 2.5 mM PMS
concentration. Even in the case of the UV-Vis/P@Steam, TQ-150 outperforms all the
other lamps with an efficiency of ~74 %, ~88 %, ar83 % at concentrations of
0.625 mM, 1.25 mM and 2.5 mM, respectively. At 81 PDS concentration, TQ-150
achieves a degradation of ~87 % within 5 min ofrrémction time and thereafter increases
only by ~5 % by the end of the reaction at 15 rhl&-Z2 exhibits next-best degradation
efficiencies of ~56 %, ~72 % and ~88 % at PDS cotrations of 0.625 mM, 1.25 mM and
2.5 mM. Furthermore, at 2.5 mM PDS concentratio®-F degrades at a rate of 83 %
within 5 minutes, similar to TQ-150. Even in thisseem, HG-Z3 has the lowest efficiency.
However, at a PDS concentration of 2.5 mM, it hasimailar performance as the other
lamps, with a degradation efficiency of ~87 % a émd of 15 min.
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Fig. 3. Decolourisation efficiency of different UVis lamps: a) UV-Vis/PMS/0.625 mM,
b) UV-Vis/PMS/1.25 mM, c) UV-Vis/lPMS/25 mM, d) UVis/PDS/0.625 mM,
e) UV-Vis/PDS/1.25 mM, and f) UV-Vis/PDS/2.5 mM

To further investigate the oxidative degradationcess of the AB 129 dye, an in-depth
analytical investigation was conducted using GC-MiSomatography. This allowed
the identification and characterisation of the @iy by-products formed during the
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degradation process. Our study revealed, for thst fiime, the exact pathway
presenting four major by-products: 1,2,4-trinydramthraquinone (HA),
2,3-dihydroxynaphthoquinone (2,3-D), 5-methylpyrtgla(5-M), and p-hydroxytoluene
(p-H). The formation of HA was observed in our poexs paper [45], where an increase in
UV-Vis absorbance at 540 nm (characteristic of gelbured solutions) suggested the
formation of a red dye intermediate during treatm@ithough degradation pathways have
been reported for structurally different Acid bldiges such as Acid blue 1 [56], to the best
of our knowledge, this is the first report on thédative degradation pathway of AB 129.

The determination of by-products is significantiasheds light on the degradation
pathway of AB 129 dye when subjected to UV/persatph treatment. The determination
of degradation by-products can help guide wastewegenediation by preventing the
accumulation of more harmful substances of therga@mpound [15].

For a comprehensive understanding of the findinvgs, have provided a detailed
depiction of the degradation pathway in Figurdldsirating how the main by-products are
formed. Additionally, Table 2 offers a thorough ciéstion of each of the identified
compounds, including their chemical formula, molacweight and top peaks.

Acid Blue 129
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Fig. 4. Degradation pathway of AB 129
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Table 2
Degradation products of AB 129
Molecular weight

No. Names Formula [g/mol] m/z

1 1,2,4-trihydroxyanthraquinone 181505 256.21 256, 221862126’ 115,
2 2,3-dihydroxynaphthoquinone 1E160, 190.15 190, 162, 88

3 5-methylpyrogallol GHgO;3 140.14 140, 94

4 p-hydroxytoluene ¢HsO 108.14 108, 107, 90, 79, 7)7

The ecotoxicology assessment using the ECOSAR mfmdethe AB 129 and its
degradation products (Table 2) in both acute andorib categories for three
species-daphnids, fish, and green algae-is showigiimre 5. According to Figure 5, in the
acute categories for both daphnids and green aladpxicity level of AB 129 increases
from harmful to toxic (due to HA formation). In theext step of the degradation, HA is
converted to 2,3-D, which has a lower level of tity, making the end of this degradation
pathway safe. In contrast, the other degradatidhway, indicates that the toxicity level
increases from non-harmful 5-M to harmful p-H. Heee the harmful level of p-H for
daphnids is lower than that of AB 129. Therefoa, daphnids, it can be concluded that
toxicity initially increases and then decreaseghwine final degradation products having
lower toxicity levels than the initial AB 129. Silaily, the experimental study performed
by our group before [45] demonstrated that usingirailar procedure as the present
research, the toxicity level and effect of AB defgtion initially increase and then decrease
in the subsequent stages. In our previous studg, dkperimental ecotoxicological
assessment was conducted for bb#mna minor and Daphnia magna (as part of the
daphnid family) during the degradation of AB by &-dctivated persulphates oxidation
process. The results showed a consistent patteerewtme initial degradation products
exhibited higher toxicity, which gradually diministh as the degradation progressed,
ultimately resulting in less harmful end product§][ This aligns with the findings of the
current research, reinforcing the observation that degradation pathway significantly
influences the ecotoxicological outcomes for vasigpecies. In our previous study [45],
the observed temporary increase in toxicity wasibatted to the formation of toxic
intermediates during persulphate-mediated dye degien. However, after this study, it is
quite clear that the “red by-product’-HA could beetmain reason for the temporary
toxicity increase. In the study of fish speciesjsitobserved that in the first stage of
degradation, the compound AB 129, initially catégga as non-harmful, breaks down into
HA (a harmful substance) and 5-M (non-harmful). iDgrthe second stage of degradation,
HA is further broken down into 2,3-D, which has thmwest toxicity level in the
non-harmful category. Meanwhile, the non-harmfullSandergoes a transformation into
p-H, which is harmful.

According to Figure 5, the chronic analysis dem@itst that irDaphnia species, AB
129, initially classified as toxic, degrades inté ldAnd 5-M, which are categorised as very
toxic and harmful, respectively. Following a simifaattern to the acute effects, HA, from
the very toxic category, is further degraded into,3-R2, classified as
non-harmful, while 5-M, in the harmful categorycisnverted into p-H, which falls into the
toxic category. Notably, the overall toxicity lesebf the final degradation products
(2,3-D and p-H) are lower than the initial toxicitgvel of AB. This indicates a net
reduction in toxicity through the degradation preeln the fish species category, the
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degradation trends are similar to those observathphnids. However, a key difference is
that HA is categorised as toxic rather than vemictoDespite this variation, the final

products, 2,3-D and p-H, also exhibit lower toxicievels compared to the original AB

compound. The green algae chronic assessment degatedsthat AB at harmful levels is

divided into HA (toxic) and 5-M (harmful) categosieHA is then converted to 2,3-D (with

a concentration threshold of 184 mg/L) in the natrhful category, while 5-M is converted

to p-H in the toxic category.

75I

50
-

Acute toxicity LC/JEC [mgIL]

=)

o

E .

: 10

el e EEhmo) ., -

© % ~.." 3 W .<,.'

£ 100 - 100 100 e o

2

F=

o _ — _

Daphnia Fish Algae

DoesRET  Toxic Mol NSRRI

Fig. 5. The results of ecotoxicological simulat@hnAB 129 along the determined pathway in acute and
chronic categories

One of the biggest concerns with SR-AOP is the petdn of large amounts of
sulphate ions. To protect aquatic life, sulphatesighould be less than 500 mg/L [57].
However, maintaining this level during remediatioaing PDS or PMS to effectively
remove contaminants might be challenging. CombinBRrAOP with other treatment
methods, such as membrane filtration, may be ong twareduce sulphate ions [58].
In addition, the need for specialised UV equipmantl accurate control of operational
parameters increases the complexity of the putifinaprocess, which can increase
maintenance requirements and operational costs [B8F study also presents certain
limitations, as it was conducted under controlladoratory conditions that may not fully
reflect the complexity of natural water matricesheT influence of inherent water
constituents on sulphate radical generation antitpokt degradation was not extensively
investigated. Although this work included a toxwmgical assessment, future research
should focus on performing more comprehensive tdagical evaluations, validating these
processes in real wastewater environments, andgsisgetheir scalability to ensure both
environmental safety and practical feasibility.
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Conclusion

Degradation and decolourisation of AB 129 were ewdd using PMS and PDS
activated by UV-Vis lamps.

UV-Vis/PDS system was more efficient than UV-Vis/BMpossibly due to higher
sulphate radical generation.

Four main by-products were identified: 1,2,4-trilgxlyanthraquinone,
2,3-dihydroxynaphthoquinone, 5-methylpyrogalloldgihydroxytoluene.

Toxicity analysis revealed that the treatment bydpicts were initially more toxic as
intermediates, but the final products were lessctdkan AB 129, confirming the
effectiveness of the detoxification process andiltesobtained in our previous study
[45].
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