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ARTICLE INFO ABSTRACT

Editor: Yunho Lee The chlorination used in water treatment plants can promote the formation of toxic compounds, which can be

minimized by substituting free available chlorine (FAC) with chlorine dioxide (ClO3). Besides disinfection,

Ke}’W‘_’r ds: combining ClO, with UV radiation leads to the efficient elimination of organic substances. This work employed a
ghlorma'nted phenols lab-made reactor equipped with LEDs emitting at 367 nm with adjustable photon flux to investigate the effi-
oumarin

ciency of the UVA/CIO; process and the formation of hydroxylated and chlorinated products during the
degradation of phenol and coumarin. The degradation of coumarin was investigated in a central composite
design and depended on the ClO, concentration and pH. Increasing the ClO, concentration was necessary to
promote the degradation. In higher ClOy/phenol ratios, 80% of the total phenolic compounds were removed at
pH 3, 5.5, and 8. The mineralization efficiency increased with the pH, along with the concentration of chlori-
nated compounds, indicating these products are more persistent than the hydroxylated ones. The UVA/ClOy
process was advantageous in removing and mineralizing phenol and coumarin if compared to direct oxidation,
but the process needs to be improved to minimize the formation of chlorinated organic products, and elimination

LED reactor
Total phenolic compounds

of ClOy™ and ClO3™ requires post-treatment method.

1. Introduction

Chlorination is widely used in water treatment plants in different
treatment stages, controlling algae blooms, assisting in coagulation, and
promoting or ensuring disinfection [1]. One of the significant drawbacks
of this practice is the formation of toxic chlorinated organic compounds
formed in the presence of natural organic matter and labile organic
matter. For instance, the chlorination of phenols leads to the formation
of chloroform and other chlorinated compounds, which increase the
toxicity of the treated water [2,3]. For reducing the formation of chlo-
rination of organic compounds, free available chlorine (FAC) species
were replaced with other chlorine sources, such as chlorine dioxide
(ClOg) [1,4].

The biggest drawback of ClO; is the need for on-site generation since
it is an unstable species, easily decomposed into chlorine and oxygen in
the presence of radiation or a heat source. Furthermore, ClO, cannot be
compressed or commercially stored because it is explosive at concen-
trations higher than 10% in the air [5]. There are, however, several
reactions that lead to the formation of small concentrations of dissolved
ClO4, that can be safely and efficiently prepared both in a laboratory and
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in large scales, including the reaction between sodium chlorite and
sulfuric acid [6], sodium chlorite and persulfate [7], chlorite ion and
hypochlorous acid, sodium chlorite and chlorine gas [1], among many
others. As long as the ClO; is formed in situ and in conditions that avoid
its volatilization, it can be safely dosed and mixed with water. These
requirements are easily met at environmental conditions since ClO3 is
highly water-soluble (at 25 °C its solubility is about 70 g/L) [1]. The
most important aspect for this application is the method used to intro-
duce ClO; in the reactor, which cannot be performed upstream, in open
pipes, or with rapid mixing to avoid ClO5 escaping to the atmosphere
[1].

ClO; is a selective oxidant that has been investigated in the direct
oxidation of micropollutants [11] and natural organic matter [10], and
it was found to be more reactive towards electron-rich groups, such as
phenols and anilines, and less reactive towards primary and secondary
amines [11]. In general, the direct oxidation of organic compounds
occurs through electron transfer reactions, and ClO, can be reduced to
CI' in the presence of reductive substances [12]. Although ClO; has been
used as a disinfectant in water treatment plants since the 70's [1], ap-
plications are limited to the direct oxidation. However, the reactivity of
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ClO5 can be modified with exposure to UV radiation, in the processes
known as UV/ClO,. The mechanisms for the formation of reactive spe-
cies in UV/ClO, processes have been investigated mainly in the gas
phase due to its importance for the ozone layer depletion [13], while
investigations using pump-probe Raman and resonance Raman spec-
troscopy in the aqueous phase have been used to study the photodis-
sociation of ClOy [14,15]. It is accepted that the ClO, molecule
undergoes photodissociation processes that lead to the formation of the
primary radicals oxygen (O®), chlorine (C1*), and chlorine oxide (C1O®)
according to reactions (1) and (2) [14-17]. Recently, the photolysis of
ClO2 under 365 nm LED irradiation was investigated in studies using
femtosecond transient absorption spectroscopy [18], and reactions (1)
and (2) were found to form different products. The main products of the
chain initiated by reaction (1) were ClO3 and CI', while reaction (2)
resulted in ClOg3, Cl" and also FAC. The photolysis of ClO; is strongly
affected by the vibrational-relaxation dynamics of the molecule, and the
radical species are modified with changes in the applied wavelength and
solvent properties [14,15]. The radical oxygen can lead to hydroxyl
radical (HO®) formation in aqueous media, and the UV/ClO, process
can, therefore, be used to degrade organic compounds using both
reactive oxygen species (ROS) and reactive chlorine species (RCS) [16,
18].

Clo, -2, CI0® + 0°® = 0.05 (365 nm) €}
Cl0, — CI* + 0, ® = 0.17(390 nm) )
co 2, cr+o0° 3)
0O°'+H,0 — 2HO k=18x10"°"M"'s7! @)

The reaction mechanism above shows that the UV/ClOy process
forms Cle (E° = 1.90 V vs. NHE [19]), ClOe (E® = 1.41-1.8 V vs. NHE
[19]) and Oe (E® = 2.42 V vs. NHE [19]) as primary radicals and HOe
(E° = 2.73 V vs. NHE [19]) as secondary radicals. The RCS are selective
reaction partners; their reactivity depends on pH [20]. While HOe are
nonselective species. Cle reacts mainly with substituted aromatics, such
as phenolic compounds, and ClOe reacts primarily with phenolates and
methoxybenzenes [20,21]. In a recent study, ClOe was shown to be the
main reactive species participating in the degradation of polychloro-1,
3-butadienes in UV/Chlorine processes [22]. The contribution of HOe
and Cle to the degradation of micropollutants in UV/Chlorine systems
decreases at increasing pH values due to scavenging effects of ClO7,
which is not observed for ClOe [20]. The scavenging effect of ClIO™ can
also be relevant in UV/ClO systems since the formation of FAC is usu-
ally reported in the presence of ClO, [12,23]. However, the presence of
FAC can also assist in the degradation of certain organic compounds, as
recently described in a study investigating the degradation of cipro-
floxacin in UV/ClOy [24]. Besides RCS and HOe, singlet oxygen (102)
was also reported to participate in the degradation of organic com-
pounds [25]. All these different reactive species can be important to
promote the degradation of pollutants at different reaction conditions.

Also essential to ensure the applicability of UV/ClO; processes is the
source of radiation. With the growing availability of LED lamps in the
market, the interest in applying these light sources in photocatalytic
processes has increased, and different applications for water treatment
have been reported, including the use of LED in heterogeneous photo-
catalysis with TiO, [26], water disinfection systems [27,28], and
chlorine-based AOPs [29,30]. LED lamps in photocatalytic rectors pre-
sent several advantages over the traditional mercury vapor lamp sys-
tems. The main advantages include the longer lifetime of the LEDs
(which can be 5 times longer than the Hg vapor lamps), the higher en-
ergy efficiency, the possibility of selecting different wavelengths, the
absence of a warm-up time (as typically seen in Hg vapor lamps), and
finally, the possibility of adapting the LED lamps to different reactor
shapes and settings [26,31]. In the case of UV/ClO3 processes, the use of
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LED lights permits the selection of wavelengths that are much closer to
the absorption maximum of ClOy (¢%°°™ = 1230 M ! ecm™) [11] than
254 nm monochromatic UV light emitted by low-pressure mercury
vapor lamp.

Recent studies have demonstrated that chlorine-based AOPs present
similar or superior performances in comparative water treatment studies
using UV/Chlorine, UV/H30,, and UV/S50g% [19,32]. The costs asso-
ciated with electric energy and chemicals are usually lower in
UV/Chlorine processes than UV/H305, and change with the pH and the
chemical structure of the target compounds [19]. The most significant
drawback of the chlorine-based AOPs compared to the processes based
exclusively on HOe or SO4°” is the formation of chlorinated organic
products, chlorite (ClO3), and chlorate (ClO3") ions. ClOy™ and ClO3~
present toxicity and should be limited to 0.7 mg L™! in drinking water
according to World Health Organization guidelines [33]. Their amount
depends on the degradation mechanisms of the organic compounds,
their reactivity towards RCS, and the pH of the treated solution [19,32].

The primary purpose of this work is to apply the already broadly used
ClO3 in UVA/ClO; processes for the degradation of coumarin and phenol
and investigate the formation and degradation of chlorinated products
in a lab-scale reactor equipped with LED emitting at 367 nm. Coumarin
(COU) is frequently used as a fragrance in personal care products [34]
and investigated as a probe for HO® in AOPs. Its hydroxylated product,
7-hydroxycoumarin (70H-COU), is highly fluorescent (emission at
450 nm), and can be determined by fluorescence spectroscopy with a
low limit of detection [35]. Phenol is a good candidate for target com-
pound since humic materials present in water are mainly formed by
monohydroxy-benzenes that can react with chlorine and form tri-
halomethanes (THM) [2]. Furthermore, it can easily undergo chlorina-
tion, and its degradation products have already been identified both in
the presence of FAC and ClO; [2,36,37]. Therefore, the phenol degra-
dation and the monitoring of chlorinated by-products, ClO,™ and ClO3~
can be used to attest to the viability of chlorine-based AOPs.

2. Material and methods
2.1. Reactor and reactions conditions

Reactions were conducted in a lab-made LED reactor with 12 LEDs
emitting at 367 nm, fixed in 6 adjustable cooling plates. The LED reactor
was built using surface-mounted diodes (SMD) emitting at 367 nm
(Vishay; VLMU3510-365-130; 4.0 V opening voltage, 690 mW radiant
power at 500 mA). 12 SMD were soldered on metal core printed circuit
boards (MCPCB, supplied by Meodex) and fixed on aluminum heat sinks
(Fischer Elektronik; 0.70 K wh. A power supply (Axiomet; AX-
3005DBL-3; maximum output 5.0 A / 30.0 V) was used to provide and
control the electrical power needed to operate the light sources. The
aluminum heat sinks can be moved to provide different reactor config-
urations. The configuration used was the opposite heat sinks at 9 cm
from each other (LED reactor diameter), with a 100 mL glass vessel
closed with a PTFE cap placed at the center of the reactor. The glass
vessel cap was adapted with a PTFE hose for sampling. A picture of the
reactor and a schematic representation is shown in Fig S1. Different LED
powers were used during the experiments, adjusted with different
electrical currents. The photon fluxes in each current were determined
using ferrioxalate actinometry, described in the Supplementary
Information.

The reaction pH was controlled with phosphate buffer 20 mM
(KoHPO4 99% from Acros Organics and KHyPO4 HPLC grade from
VWR). Free radicals and oxidants were quenched with sodium thiosul-
fate (S,05%) after sampling, added to the samples in a concentration 5
times higher than the initial ClO, concentration. Samples were bubbled
with nitrogen after the addition of thiosulfate to remove residual ClO2
and possible oxidants formed as dissolved gases.

Chlorine dioxide was prepared in water with a commercial additive
(TwinOxide®). TwinOxide® reagents, NaClO, and NaHSO4, were mixed
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in an amber flask and kept in the dark for 3 days before use. Because
ClO; is more stable in aqueous media at acidic pH [7,8], this reaction (5
(5)) results in ClO; solutions that can be stored for an extended period
[9,10].

SNaClO, + 5SNaHS04—4ClO, + HCl 4 5Na,SO, + 2H,0 5)

The final ClO; concentration was monitored daily using the DPD-
glycine ClO5 method from Hach®. The ClO, solutions were refriger-
ated, shielded from light, and stable for about a month, following the
manufacturers recommendations [38]. The DPD test was also used to
determine FAC (VWR, sodium hypochlorite, 14% Cl).

2.2. Central composite design experiments

A central composite design (CCD) was used as a screening tool to
investigate the degradation of COU (Sigma, > 99%, HPLC) and the
formation of the hydroxylated product 70H-COU in the LED reactor.
The following table shows the settings selected for the factors pH, the
concentration of ClO,, and LED power (converted to photon flux with
the ferrioxalate actinometry, Fig S2, and Table S1). The initial temper-
ature of the reactions was set to 20 + 1 °C, and the final temperature was
monitored to assess changes in the temperature of the reaction vessel
related to the electronic components of the LED reactor.

2.3. Analytical methods

The formation of 7OH-COU was monitored with a Hitachi F-4500
fluorescence spectrometer, with excitation wavelength set at 345 nm
and emission at 455 nm. Excitation and emission slits were 5 nm, and
the scan was 600 nm s*. The conversion rate of COU was determined
from the change of absorbance at 277 nm, the characteristic wavelength
of the absorption spectrum of COU. Spectra were measured with UV-vis
spectrometer (Agilent 8453). Degradation products were identified in an
Agilent 6890 N gas chromatographer with a 5973 N single quadrupole
mass spectrometer (mass spectral library NIST02). A HB-5 MS capillary
column (30 m x 320 mm x 0.5 mm film thickness) was used in the
chromatographic method. The column oven was programmed from 60
°C (1 min) to 275 °C at a rate of 20 °C min™". Electron impact (EI) mode
was set at 70 eV, and the scan range from 10 to 350 m/z. Sample
preparation was done in Strata™-X 33 um polymeric sorbent (60 mg)
SPE columns, with preconcentration factors of 100. After the SPE
elution, 25 puM of 4-4'-biphenol (BIP, 97%, Aldrich) were added to the
samples as internal standard.

The degradation of phenol (VWR, AnalaR NORMAPUR®,
99-100.5%) and formation of hydroxylated phenols were monitored in a
UV-visible spectrophotometer (Agilent 8453) using the Folin-Ciocalteu
method (FC, Folin-Ciocalteu’s reagent VWR for analysis of total phenolic
compounds, TPC) [39]. In this colorimetric method, 0.5 mL of a sample
is diluted to 2 mL, and later 0.5 mL of a carbonate-tartrate buffer
(100 g Lt NayCOz and 6 g L1 NayC4H40g) is added to the sample, fol-
lowed by 50 pL of the FC reagent. The sample is vigorously shaken and
later allowed to stand for 30 min in the dark, forming a blue-colored
complex with maximum absorbance at 760 nm. The wavelength of the
maximum absorbance can vary with the concentration of phenolic
compounds. The calibration curve for total phenols was done with gallic
acid and read at 730 and 760 nm, presenting a linear range from 0.5 to
50 mg LL. Identification of chlorinated phenols and hydroxylated spe-
cies resulting from the degradation of phenol in UV/ClO5 processes was
conducted in the same GC-MS system mentioned in the previous section.
The column oven was programmed from 40 °C (1 min) to 275 °C at a rate
of 20 °C min"!. Total Organic Carbon (TOC) was monitored using a TOC
analyzer (Analitik Jena, Multi N/C). Adsorbable organic halogens (AOX)
were quantified in an AOX analyzer (Analytik Jena, Multi X 2500) using
the column method with adsorption in quartz containers filled with
activated carbon. Samples were prepared in a sample preparation
module (Analytik Jena, APU 2).
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The formation of inorganic anions (ClI, ClOy , ClO3 ) was
measured using ion chromatography (Shimadzu Prominence LC—20 CE,
Shodex NI—424 5 U column). The eluent was 2.3 x 10 2> M amino-
methane with a flow rate of 1.0 cm® min™ L.

Ecotoxicity tests (LCK480, Hach-Lange) were based on the biolumi-
nescence inhibition of the marine bacteria Vibrio fischeri. The biolumi-
nescence of the test organism was measured using a Lumistox 300 (Hach

Lange) luminometer after 15 and 30 min incubation time.
3. Results and discussion
3.1. Central composite design

The degradation of COU and the formation and consumption of 7OH-
COU were used to optimize the reaction parameters. A central composite
design (CCD) was built to screen the variables ClO, concentration, pH,
and photon flux. The three independent variables were investigated in
the levels described in Table 1.

Using the degradation percentage of COU as the answer for the CCD,
it was possible to generate a model in which only the linear main effects
of pH and ClO; concentration were significant (p-values 0.014 and
0.0026, respectively). The ANOVA table (Table S4), Pareto chart of ef-
fects, and the plot of observed versus predicted values can be seen in the
Supplementary Information (Fig S3a and S3b). The main results of the
CCD are illustrated by the following fitted surface (Fig. 1b). Modifying
the photon flux did not significantly affect the answer, and similar fitted
surfaces are generated at different levels for this variable (Fig S3c).

According to the CCD responses, an optimal operational condition is
found at the standard values for pH and LED (pH = 5.5 and photon flux
0f1.26 x 10~ molphoton L' s, but more ClO5 needs to be added to the
reactions to promote the degradation. The maximum degradation per-
centages after one hour were achieved in runs 6 (25.88 + 2.35%; ClOy/
pH/LED = +1/-1/+1, ClOy = 20mg L™}, pH = 3, ¢ =1.85 x 107
molphoton L' s71) and 10 (25.81 + 2.35%; ClO,/pH/LED = +1/0/0,
ClO; = 20mgL™, pH = 5.5, ¢ =1.26 x 10 molphoton L s
(Table S2). It is worth noting that, to achieve similar efficiencies, the
electrical power requirements of run 6 are more than twice that of run
10.

The concentration 70H-COU, a hydroxylated product of COU, was
monitored to obtain information about the effect of the variables on the
HOe formation. Still using the variable levels shown in Table 1, another
CCD model was built using the maximum concentration of 7OH-COU as
the dependent variable. The pH was the major significant variable in the
model (p < 0.01), and the higher 70H-COU concentrations were
determined at pH 3 (Fig. 1c). The photon flux (p = 0.055) also affected
the answers (Tables S3 and S5). The higher concentration of 70H-COU
was 1.19( &+ 0.08) x 107° mol 1.} achieved in run 11 (ClOy/pH/LED =
+1/-1/0, Table S3), at the higher level for the variable concentration of
ClO2 (20 mg L‘l), lower level for pH (pH = 3), and standard level for the
photon flux (1.26 x 107 molphoton L' s71). Similar answers were ach-
ieved for runs 1, 2, and 6; all performed at pH 3. The response surface of
this new CCD model shows that the concentration of ClO5 did not
significantly affect the answer, and, therefore, only the fitted surface for
the standard value for this variable is presented in Fig. 1d (the fitted
surfaces for the other levels are shown in Fig S4c).

The fact that the maximum responses for the two investigated
dependent variables are achieved at different conditions — we have a

Table 1
Factor level settings for the degradation of coumarin.
Low (—1) Standard (0) High (+1)
[ClO,] (mg L™Y) 8 14 20
pH 3 5.5 8
LED power (W) 1.4 3.7 6.4
(photon flux (Molphoon L' s7)  9.12x107° 126 x 107>  1.85x 107°
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Fig. 1. Kinetic profile of the COU degradation (a) and 7-OH-COU formation (c) in the conditions specified in the CCD and response surfaces (b: COU degradation
affected by the factors pH and ClO, concentration (photon flux: 1.26 x 10°° mOlphoton L' s71); d: 7-OH-COU formation affected by the factors LED photon flux and pH

(ClOy: 2.08 x 107* M (14 mg L™)).

maximum degradation of COU at higher concentrations of ClO, and
higher pH values but a maximum formation 7OH-COU at lower pH
values — indicates the HOe addition is probably not the primary mech-
anism for the degradation of COU. 70H-COU formation is often used as
an indicator for the HOe formation in AOPs [40-45]. However, in
addition to 7OH-COU, other hydroxylated products are also formed.
[46,47] The mechanisms that lead to the formation of the hydroxylated
products depend on reaction conditions [47].

The products of the COU degradation were monitored in a GC-MS.
After five additions of 2.08 x 10™* M (14 mg L‘l) of ClO5 and irradia-
tion at 3.7 W, similar products were observed at pH 3 and 5. Three main
degradation pathways (illustrated in Fig. 2) consist of a nucleophilic
attack on the carbonyl group of the lactone ring, which causes the
opening of this structure or the addition of HOe and Cle to the benzene
ring. According to Louit et al., positions 3-8 of the COU structure
(indicated in Fig. 2) are subjected to hydroxylation [46]. The UVA/ClO4
process appears to generate equal amounts of hydroxylated products in
positions 7 and 8, and smaller amounts of coumarins hydroxylated in
position 6. Huang et al. investigated the chlorination of COU in
UV/peroxymonusulfate (UV/PMS) reactions in the presence of chloride
ions [48] and proposed the 3-chloroisocoumarin as the dominant chlo-
rinated product. In the UVA/ClO; process, however, different radical
species, particularly the Cle and ClOe can affect the formation of chlo-
rinated products. Furthermore, the products derived from the
ring-opening are predominant in the reactions (Fig. 2), affecting the
formation of both the hydroxylated and the chlorinated products.

3.2. Effect of successive additions of ClO2 on COU conversion

Considering the responses of the CCD for the experiments of COU
degradation, it was evident that further addition of ClOy would be
required to complete the degradation. The ClO, photodissociation was
investigated under the same conditions parallel to the CCD experiments.
A fast consumption of 14 mg L™! ClO, was observed within less than
5 min. Comparing the results obtained for the degradation of COU
(Fig. 1a) with the photodissociation of ClO,, it can be noticed that the
time required for the ClO, photodissociation corresponds to the fast
degradation of COU in all conditions. Therefore, we opted to increase
the concentration of ClO; in successive additions. The time required for
ClO, degradation did not change with successive doses (Fig. 3). There-
fore, the intermediate level for the variable photon flux and five
consecutive additions of ClO, were considered in subsequent experi-
ments targeting the degradation of organic compounds.

At the three investigated pH, with 5 successive additions of ClOo,
over 50% (pH 3 = 51%, pH 5 = 57%, and pH 8 = 62%) of the COU
([COU]g = 1.0 x 104 M) was converted to by-products after 60 min in
the presence of radiation, while the degradation by ClO without radi-
ation was around 10% (pH 3 = 7%, pH 5 = 10%, and pH 8 = 12%). The
organic carbon removal and the AOX formation given as percentage of
chlorinated carbon structures (Cl-C) are shown in Fig. 4. (The values
used for calculation are shown in Table S6).

A few chlorinated products, deriving from Cle addition formed after
the lactone ring-opening, were detected at pH 3 and 5.5 (Fig S5). The
resulting chlorinated products are recalcitrant to further oxidation,
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Fig. 3. Photolysis of ClO, under 367 nm at different pH. Concentrations were obtained using the absorbance monitored at 359 nm. Conditions: 5 x [ClO3]o

=2.08 x10*M (14 mg LY.

causing the rise in Cl-C percentage (Fig. 4). At pH 8, however, 2-hy-
droxy-benzaldehyde was the major product, both in the presence and
absence of UV radiation. This indicates that the attack to the carbonyl
group is preferred at pH 8, which also explains the higher carbon
removal observed at this pH.

The experiments were repeated in the presence of tert-butyl alcohol
(TBA) (Fig. 5). Although TBA is usually used as a HOe scavenger, it can
also react with RCS (Ktga. Hoe = 6.0 x 108 M ! 571, krpa.cie = 3.0 x 10%
M1 5] krpa. cioe = 1.3 x 107 M! s1) [20]. The initial TBA concen-
tration used in this study was 100 times higher than the COU concen-
tration to assure that a significant fraction of HOe (0.96; Supplementary
Information, ES2) reacts with TBA instead of COU (kcou. poe = 2 x 10°
M s71 [45]). The degradation rate of COU decreased in the UVA/ClOy
system (Figs. 5 and S6a) at all investigated pH. The simultaneous

reduction in the concentrations of 7OH-COU at pH 3 and 5.5 (Fig S6b)
was also observed. The highest COU conversion rate was measured at pH
8, but with negligible 70H-COU formation. However, the addition of
TBA reduced the COU degradation at pH 8 to a similar value as at pH 3
and pH 5.5.

Similar studies were conducted by Tian et al., who investigated the
degradation of iopamidol by different UV-induced processes, including
UVC/ClO, with low-pressure mercury vapor lamps (emission at 254 nm)
[16]. The authors observed an increase in the rate constant for the
degradation of iopamidol at higher pH values (from pH 5-9) and pro-
posed Oe to be the dominant species in the process since the addition of
TBA did not significantly modify the degradation rate [16]. The re-
actions with ClOe and Oe can also play an essential role in degrading
organic compounds in the UVA/CIO, system. Considering these
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mOlphoton L1 57! (CI-C: chlorinated carbon structures; AOX value divided by the TOC value).
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M, 5 x[ClO5] = 2.08 x 10~* M, photon flux = 1.26 x 10> molyhoton L s7).

degradation patterns, the CCD results, and TBA effect, we can infer that
the formation and contribution of ROS and RCS in UVA/ClO; systems is
strongly affected by the pH, and HOe are more likely to take part in
hydroxylation reactions conducted at lower pH values. Therefore,
further investigations are necessary to estimate the contribution of each
radical species to the formation of hydroxylated and chlorinated prod-
ucts at different pH values.

3.3. Degradation of phenol

In contrast to COU, phenol can easily be directly oxidized by ClO,.
The mechanism of phenol degradation by ClO, depends on the phenol:
ClO4 ratio. Wajon et al. observed that ClO; must be applied in excess to

avoid the formation of chlorinated phenols [36]. According to these
authors, the rate-limiting step in the direct oxidation would be the for-
mation of phenolate after hydrogen abstraction by ClOy, which forms
p-benzoquinone and HOCL. The HOCI further reacts with phenol and
benzoquinone to form chlorinated species. In the present work, pre-
liminary experiments were conducted with a 1:1 ClOz:phenol ratio, with
0.5 mM of phenol and 5 successive additions of 0.1 mM (8 mg LH ClOs,.
Experiments were conducted in 120 min, both in the absence (in the
dark) and the presence of UVA. In the absence of radiation, the direct
oxidation by ClO5 resulted in 27% degradation at pH 3, but no signifi-
cant degradation was observed at pH 5.5 and 8. The main products were
p-benzoquinone and chlorinated phenols. The UVA irradiation
enhanced the phenol degradation, and improved efficiency with
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increasing pH was observed (50%, 70%, and 63% removal after 120 min
for pH 3, 5.5, and 8, respectively). Moreover, the product distribution
also changed (Fig S7) compared to the direct oxidation by ClO,. The
number of detected halogenated products increased significantly,
clearly due to RCS-initiated reactions formed via UVA photolysis of
ClOo,

3.4. Effect of successive additions of ClO2 on phenol conversion

The increase in the oxidant concentration would increase the
degradation of organic compounds. Thus, the ClOy:phenol ratio was
increased to 20 with successive additions of 14 mg L™ ClO, to 50 uM of
phenol. In this way, the phenol was removed completely, and the TPC
showed an 80% removal for all tested pH in the presence of radiation
(Fig. 6a). In contrast, in the absence of radiation, an increase in the TPC

Journal of Environmental Chemical Engineering 10 (2022) 107554

was observed due to the formation of polyhydroxylated and chlorinated
phenols. Since the FC reagent reacts with phenols, phenolic compounds
with more than one hydroxyl group have a higher response in this test.
Fig. 6a indicates that direct oxidation reactions are less efficient than the
UVA/CIO; process since the hydroxylation of phenol is not followed by
the cleavage of the aromatic ring.

The TPC monitoring agreed with the TOC results (Fig. 6b): the car-
bon removal is more efficient in the presence of radiation. The TOC
removal after one hour is similar (less than 15%) at each pH in the
absence of radiation but increases with the increase of pH in the case of
UVA/ClO; process (Fig. 6b), similarly to that observed in the case of
COU (Fig. 4). Because the UVA/ClIO; reaction takes place immediately
after the addition of ClO, (added ClO; decomposes within 5 min
(Fig. 3)), no more than 10% further TOC decrease was achieved from
30 min (time necessary to reduce TPC as seen in Fig. 6a) to 60 min,
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™ \
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Fig. 6. TPC removal (a), TOC removal (b) and percentage of chlorinated carbon structures (concentration of AOX (mgCl L' divided by the concentration of TOC
(mg® L' determined after 60 min) (c) in the degradation of phenol (ClO,/phenol = 20; 5 x[ClO3]o = 2.08 x 10™* M (14 mg L), [phenollo = 5 x 10~ M, photon
flux = 1.26 x 107> molpporon L s7H).
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which can be attributed to reactions with the by-products.

The speciation of phenol can play an important role in direct
oxidation reactions. According to Lee and von Gunten (2010), the direct
oxidation of phenol is faster at higher pH values because phenolate has a
significantly higher reaction rate constant with ClOy (Kphenol-clo2
0.24 M 57\, Kphenolatecioz = 2.7 x 107 M! s71) [11]. The trans-
formation rate increases with the phenolate fraction, as shown in
Table S7 and Fig S8. At pH 8, the calculated rate constant is 10° times
higher (kyus = 4.27 x 10* M! s71) than the constant related to the re-
action of phenol with ClO2 (Kphenol = 0.24 M s)). Besides the phenol
speciation, the formation of active radicals during the ClO5 dissociation
is also crucial for direct oxidation. Marcon et al. investigated the
decomposition of ClO5 using electron paramagnetic resonance spec-
troscopy and observed that the decomposition of ClO2 produces HOe
[6].

Fig. 6b also shows the percentage of halogenated carbon structures
calculated using the TOC and AOX values determined after 1 h of
treatment (Table S8). In the UVA/ClO; process, the TPC removal is
similar at each investigated pH, while the carbon removal efficiency and
the percentage of the chlorinated products increase with the pH
(Fig. 6b). These are consistent with the observation made in the case of
the COU transformation, which indicates the UVA/ClO, process gener-
ated radicals that are not selective to the investigated degradation
substrates. Since HOe reacts at diffusion-controlled rates with phenol
(koH-phenol = 1.0 x 10 M1 s71[11]), Cle is selective to substituted ar-
omatics, and ClOe to phenolates [20], the degradation of phenol should
occur at all investigated pH. However, as shown in Fig. 6b, the direct
oxidation by ClO; is not efficient in reducing the TOC content. The
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increase of TPC and the low AOX values indicate that the hydroxylation
of phenol is more favoured without irradiation. The products confirmed
all these findings: phenol was converted into hydroquinone, p-benzo-
quinone, hydroxylated products, and salicylic acid, which agrees with
previously reported mechanisms for the direct oxidation of phenol by
ClO5 [36]. At pH 3, however, chlorinated structures such as 2-chloro-1,
4-benzenediol were also observed. A summary of the main structures
detected at different pH during the degradation of phenol via direct
chlorination and in the UVA/ClO; system is shown in the Supplementary
Information (Table S9).

Phenol degradation experiments were repeated in the presence of
TBA to investigate the contribution of active radicals in the removal of
TPC (Fig. 7). The TBA appears to have more interference in the direct
oxidation of phenol conducted at pH 3 and 5.5, which could indicate
hydroxylation occurs through the addition of HOe radicals, as described
in the work of Marcon et al. [6] that proposed the formation of HOe in
the presence of ClO,. The presence of TBA caused a slight decrease in the
rate of TPC removal during the UVA/CIO, at pH 8. However, the TPC
profile was not significantly affected by TBA at pH 3 and 5.5. The TPC
increase at pH 8 was not affected by the presence of a radical scavenger,
which confirms that the hydroxylation mechanisms at alkaline pH can
be caused by direct oxidation and not a radical-based mechanism.

3.5. The role of FAC on phenol conversion

Since ClO; is completely removed within 5 min (Fig. 3), further
degradation can occur via the formation of FAC species. Rouge et al.
(2018) demonstrated that FAC could be generated in situ during
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Fig. 7. Total phenolic compounds (TPC) removal during phenol degradation in UVA/ClO, processes and in the direct oxidation by ClO; in the presence of TBA at pH
3 (a), 5 (b), and 8 (c) ([TBA] = 5.0 x 10 M, ClO,/phenol = 20, [phenol], = 5.0 x 107> M, photon flux = 1.26 x 10> molyhoton L1tsh.
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reactions between ClO, and phenol or organic matter compounds [23].
In the case of phenol, one mole of FAC was generated after consuming
two moles of ClOs. Chuang et al. (2022) investigated the photolysis of
ClO; under UVA irradiation and showed the formation of FAC, Cl", and
ClO3™ [18]. With the irradiation at 367 nm in UVA/ClO, systems, there
is no radical formation from FAC via photolysis, as typically observed in
UVC/Chlorine processes [49,50], but FAC can contribute to the direct
chlorination of organic compounds. In our system, FAC concentrations
ranging from 1.4 to 1.8 mg L™! were detected in the absence of organic
compounds at pH 3, 5.5, and 8. These species did not undergo photol-
ysis, and about 1 mg L™! of FAC remained in the system after 60 min of
exposure to the 367 nm light (Fig S9) (Fig. 8).

Experiments were conducted in the presence of phenol and succes-
sive additions of 2 mg L™ of a FAC reagent, replicating the conditions
used in the UVA/CIO5 process. This control experiment showed a high
formation of halogenated products, while the TOC removal slightly
decreased with the increase of pH, contrary to what happened in the
UVA/ClO, process (Fig. 8). Therefore, the chlorinated products
observed during the degradation of phenol in the UVA/CIO; system can
also result from the formation of FAC species. Because chlorinated
phenols are more resistant to oxidation processes, and FAC species
cannot undergo photolysis at the applied wavelength, the observation of
higher AOX concentrations was expected. The TOC removal in the
presence of FAC is probably associated with the formation of volatile
chlorinated compounds.

3.6. The ClOy and ClOs formation and ecotoxicity assay

One of the most significant drawbacks of ClOy application is the
formation of toxic inorganic by-products, such as ClO,” and ClOs,
which can increase the toxicity of the treated water [33]. Determination
of these by-products is essential when the concentration of ClO; is much
higher than the practical dose of ClO, in water treatment (1-2 mg L™1),
mainly used for disinfection. The photolysis of ClO3 at 365 nm via two
product channels results in ClOe, Oe and eCl as primary radicals. The
formed species participate in complex reactions to generate ClO5, Cl,
OCI™ and Os. Some effectively compete for ¢OH or ¢Cl and behave as a
radical scavenger. Moreover, many of the reactions facilitate the
regeneration of ClO, [18]. Although ClOy™ transformation to ClO3™ is
enhanced by UV radiation [51], a recent study reported lower toxicity in
UVC/ClO3 processes than other chlorine-based AOP and UV/H20; [25].

The ClO,” and ClO3  concentrations were determined with and
without phenol, applying five consecutive additions of 14 ppm ClO2
(Fig. 7). The sum of the ClO,™ and ClO3~ was 38-46% of the total added
ClO; in each case. Most probably due to the photolysis, the concentra-
tion of ClOy~ decreased by 365 nm radiation, while the ClO3~ concen-
tration increased significantly, and the molar ratio of ClO5:
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ClO3 decreased due to the of UV light. Phenol has no significant effect on
this molar ratio. It is important to mention that the removal of C1O5™ can
be easily achieved both in bench and in a large scale via the reduction of
Fe?* [1]. However, there are no cost-effective solutions for ClO5~
removal. Therefore, ClO3™ removal or the decrease in its formation can
be considered a challenge for applying the UVA/ClO; processes (Fig. 9).

The formation of ClO57, ClO3™ fro ClO,, and the chlorine-containing
organic compounds from phenol can increase the toxicity of the treated
solution. However, the results of the Vibrio Fischer toxicity tests
(Table S10) showed no significant increase in toxicity for either the
direct ClO, oxidation or the ClIO5/UVA method. Nonetheless, increased
attention should be paid to the formation of potentially toxic and toxic
intermediates in both direct oxidation via ClO and ClO»/UVA process.

4. Conclusions

The UVA/ClO; process performed in a lab-made LED reactor with an
emission at 367 nm was proven to be an alternative to the degradation of
organic compounds in water. Using COU as a model compound, we
observed that the degradation of the organic compounds is strongly
affected by pH and the concentration of ClO,. Successive ClO2 additions
are necessary to promote the degradation of the target compounds,
particularly at higher pH values, since the ClOy molecule was decom-
posed in less than five minutes during the tested conditions. We also
observed that in the presence of an excess of ClO,, ideal operational
conditions could be achieved at neutral to alkaline pH 5.5-8, and in-
termediate levels for the LED power.

Using an oxidant/phenol ratio of 20, the removal of total phenolic
compounds exceeded 80% at pH 3, 5.5, and 8, and the total organic
carbon removal increased with the increase of pH, reaching 47% after
60 min. However, an increase in the percentage of remaining adsorbable
chlorinated compounds indicated that these products are more persis-
tent to the degradation than the hydroxylated phenols. The direct
oxidation of phenol was less efficient, and about 10% of organic carbon
removal was observed for all investigated pH without UV irradiation.
Tests in the presence of TBA indicated that the hydroxyl radical par-
ticipates in the degradation of the substrates in the UVA/ClO; system.
Still, additional investigations are necessary to assess the contribution of
RCS and ROS, which appear to be strongly affected by the pH. The hy-
droxylation of COU and phenol at pH 8 is probably caused by a direct
reaction with ClO, not via HOe attack. The monitoring of free available
chlorine species indicated their contribution to forming chlorinated
products. In summary, the UVA/ClOy process was advantageous for
removing and mineralizing phenol and COU compared to direct oxida-
tion. Still, this process needs to be improved or coupled with other steps
to minimize the formation of chlorinated organic products and ClO3™ as
toxic products.
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Fig. 8. Comparison of the TOC removal (a), and AOX concentration (b) determined after 60 min during phenol degradation in UVA/ClO, and UVA/FAC processes
([phenol]o = 5 x 10° M, 5 x[FAC] = 2.8 x 10° M (2mg L™, 5 x [ClO,] = 2.08 x 10 M (14 mg L"), photon flux = 1.26 x 10~ molyheton L™ s7).
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