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Abstract

4-Methylbenzylidene camphor (4-MBC), a widely used UV filter, has been reported
to show estrogenic activity. Owing to insufficient removal in conventional wastewater
treatment plants, 4-MBC has been widely detected at the level of ng/L to pg/L in the
aquatic environment, The UV-activated persulfate (UV/persulfate) process is a promising
and efficient technology that has the potential to remove many recalcitrant organic
contaminants. Thus, using the UV/persulfate process to degrade 4-MBC was first
evaluated in the present study. The goals of this work were to determine the reaction
mechanism, reactive species, transformation byproducts formation and pathways, and
change in toxicity and to apply process in an actual water matrix.

4-MBC degradation can be well fitted by pseudo-first-order kinetics; the rate
constant and the persulfate dosage have a linear relationship in the persulfate dosage
range of 4.2 uM to 42 uM. Under the conditions of [4-MBClJo = 0.39 uM, [persulfate]o =
42 puM and initial pH = 7, up to 90% of 4-MBC was decomposed within 6 min by the
UV/persulfate process, which is advantageous compared to the results obtained using UV
irradiation alone and persulfate dark oxidation. Upon UV photolysis alone, 4-MBC
experienced only photoisomerization between (E)- and (Z)-4-MBC. The rate constant
remained similar, ranging from 11.8 x 1072 min"! to 11.0 x 1072 min"!, in acidic (pH 5)

and neutral pH, whereas it significantly decreased to 6.8 x 1072 min"! in basic conditions
I
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(pH 9). Radical scavenging and competition kinetics experiments indicated that SO4 ¢
exhibited much higher reactivity toward 4-MBC than that of HOe, and the second-order
rate constant of SO4~e with 4-MBC was estimated to be (2.95 + 0.05) x 10° M1 57!,
Moreover, after 10 min of reaction time, all the added persulfate was completely
transformed into sulfate anion. 4-MBC followed transformation pathways including
hydroxylation and demethylation, resulting in the generation of the transformation
products P1 (CigH2202, m/z =271.1587) and P2 (C17H220, m/z =242.2030), respectively.
Microtox® acute toxicity tests with Vibrio fischeri indicated that the inhibitory effect
continuously increased in the first 20 mins and then remained at the same level for a
certain time before starting to decrease. The rising toxicity indicated the formation of
unknown transformation products that are more toxic and photolabile than 4-MBC itself,
and 4-MBC was not completely mineralized at the end of the reaction. In contrast, the 4-
MBC degradation rate was significantly attenuated in outdoor swimming pool water (the
removal efficiency decreased from 93% to 48%), which resulted from the high
concentration of Cl". Consequently, removing inorganic anions would be an important
pretreatment step if this UV/persulfate process were to be used in real wastewater
environments.

Keywords: UV filters, 4-Methylbenzylidene camphor, UV, Persulfate
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Chapter 1 Introduction

1.1 Background

Emerging contaminants are chemicals that have been recently discovered, lack
regulatory standards, and potentially give rise to deleterious effects on living organisms
at environmentally relevant concentrations [1]. Emerging contaminants encompass
various groups of compounds, including pharmaceuticals and personal care products
(PPCPs), endocrine-disrupting chemicals (EDCs), persistent organic pollutants (POPs),
and nanomaterials, etc. Among these compounds, PPCPs, including numerous chemical
classes, are the primary examples of emerging contaminants. Pharmaceuticals are
prescribed to prevent or treat human and animal disease, whereas personal care products
are used to improve the quality of daily life [2].

Currently, the increasing use of UV filters, a kind of PPCP, has arisen out of growing
concern about UV irradiation and skin cancer. UV filters can enter the aquatic
environment by two major pathways. One pathway is direct discharge via recreational
activities (e.g., swimming), and the other is indirect input via wastewater treatment plants
(WWTPs). Owing to the low removal efficiency of conventional WWTPs, a series of UV
filters have been detected in wastewaters, surface waters, and seawater [3-14]. In addition,

many UV filters show estrogenic and additional hormonal activities [15]. Therefore,
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developing an efficient process to eliminate these compounds is necessary.

Advanced oxidation processes (AOPs) were first proposed in 1987 and are defined

as processes that involve the generation of sufficient reactive radical species to purify

water [16]. AOPs are promising and efficient technologies that have the potential to

remove many recalcitrant organic contaminants and can be categorized into ozone-based,

UV-based, electrochemical, catalytic, and physical AOPs [17]. Among the various

approaches, hydroxyl radical (HO¢) is the most commonly generated radical in the most

AOPs, while sulfate radical (SO4*) has lately arisen as an alternative to HO< due to the

stronger oxidation power of SO4 . Recently, a large amount of published research

regarding the utilization of AOPs to decompose contaminants has been performed at the

lab scale [17].
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1.2 Objective

Among AOP technologies, SO4 +-based AOPs have recently been considered to be
an effective substitute for HO+-based AOPs due to the higher oxidation potential and
longer half-time of SO4 * than those of HOe, as shown in Table 1 [20-22]. In addition,
HO- experiences a much larger self-scavenging effect by its precursor (H>O2) compared
to that of SO4 * by its precursor (persulfate) (Eq.1-2) [21, 22].

HO ¢+ H,0, - H,0 + HO, » k=27x10"M"1s71 Eq. 1

SO; « +5,03 - S0 + 85,05 « k=6.6x105M 1571 Eq.2

Table 1. Oxidation potential and half-life of hydroxyl radical and sulfate radical.

HO- SOq4 ™
Oxidation potential (V) 1.89-2.72 2.5-3.1
Half-time 1073 ps 30-40 ps

Studies related to 4-MBC removal are rather limited. A previous study reported that

the combined effects of TiO2, H>Oz, and UVC light achieved 80% degradation of 4-MBC

[23]. Both ozonation and adsorption onto activated carbon are effective techniques to

remove 4-MBC [24]. However, there has been no research on the degradation of 4-MBC

by the UV-activated persulfate (UV/persulfate) process in water. Due to the increasing

use of sunscreens and the widespread detection of 4-MBC, this work contributes to the

evaluation of 4-MBC degradation in the UV/persulfate process, which can provide useful
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information for 4-MBC removal in waters. The specific objectives of this study are as

follows.

ii.

iii.

1v.

To determine the effects of persulfate dosage and pH on the degradation rate of

4-MBC in the UV/persulfate process.

To identify the dominant reactive species during 4-MBC degradation in the

UV/persulfate process.

To understand the final product of persulfate during 4-MBC degradation in the

UV/persulfate process.

To explore the transformation products and change in toxicity of 4-MBC during

the UV/persulfate process.

To evaluate the performance of the UV/persulfate process on 4-MBC

degradation in a swimming pool.
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Chapter 2 Literature review

2.1 4-Methylbenzylidene camphor

4-Methylbenzylidene camphor (4-MBC) is one of the most widely and frequently
used organic UV filters and is classified as an UVB filter since its absorption peak is at
300 nm.

Table 2 lists the physicochemical properties of 4-MBC. In addition to commercial
4-MBC which occurs only as (E)-4-MBC, 4-MBC undergoes reversible E-Z (trans—cis)
isomerization after exposure to light [10, 25, 26].

Organic UV filters are included not only in sunscreens but also in many products in
daily use, such as cosmetics, body lotions, hair sprays, hair dyes, shampoos and bubble
baths, for product stability and durability. Nevertheless, growing concerns about the acute
(sunburn) and chronic (skin cancer) effects of sunlight irradiation have led to the
increasing usage of sunscreens. The concentration limits of 4-MBC that can be added in
sunscreen formulations range from 4% to 6% of the product weight, depending on the
different regulations worldwide [27].

Organic UV filters can enter the aquatic environment through two major pathways.
One pathway is direct discharge via recreational activities (e.g., swimming), and the other

is indirect input via wastewater treatment plants (WWTPs). However, organic UV filters
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cannot be efficiently degraded in conventional WWTPs. The effluents containing these

compounds discharge into rivers and seas and accumulate in other matrices. Therefore,

4-MBC has been detected in different aqueous matrices, such as bathing waters,

swimming pool waters, tap waters, wastewaters, surface waters, and seawater, and even

in sludge, marine sediments, beach sand, river sediments and fish lipids, as shown in

Table 3.

Moreover, due to its high lipophilicity (Log Kow of 4.95) and nonbiodegradable

characteristics, 4-MBC has the potential for bioaccumulation in the environment and is

concentrated in living organisms [3, 4, 28]. Several previous studies have reported that 4-

MBC was detected in plasma, urine, and human milk [29, 30]. In addition, 4-MBC was

identified as the UV filter showing estrogenic activity in in vitro and in vivo assays [31].

As mentioned in previous work [32, 33], 4-MBC not only decreases the litter size and

survival rate of rats but also accelerates cell proliferation in human breast cancer cells.

Furthermore, 4-MBC shows an inhibitory effect on neuronal and muscular development

in zebrafish embryos [34]. Therefore, it is urgent and imperative to develop an effective

degradation process for 4-MBC.
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Table 2. Physicochemical properties of 4-MBC.

4-Methylbenzylidene camphor 4-MBC
CH,
254.37 4.95 e
H
5.1x1073 300

Table 3. Detected concentrations of 4-MBC in water, sediments, beach sand and sludge

samples.

Bathing waters n.a-21ngL™! Greece [35]

na-7.9ngL™! Greece [5]

Swimming pool waters :

n.a-300ng L! Slovenian [6]

Tap water n.a-58 ng L! Spain [7]

Groundwater na-13.9ng L™! Spain [8]
Wastewaters (nfluent) n.a-6.5ug L! Switzerland [3, 4]
na-2.7 pgL! Switzerland (3, 4]

Wastewaters (effluent) )

321-11,700 ng L! Antarctic 9]
na-28 ugL! Switzerland [3, 4]

n.a-82ng L! Switzerland [10]

Surface waters

na-642ngL! Melbourne [11]

n.a-379 ng L! Hong Kong [12]

n.a-798.7 ng L! Norway [13]

Seawater n.a-45.1ngL™! Antarctic 9]
n.a-1043.4ng L! Spain [14]

Sewage sludge 1504980 pg kg ! (d.m.)®  Switzerland [25]
n.a-7.90ng g ' (d.m.)" Colombia [36]

Marine sediments )
na-31.3ngg! China [37]
7
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Beach sand

River sediments

Fish Lipids

(Perca fluviatilis)

Fish Lipids
(Coregonus sp.roach)

(Rutilus rutilus)

* dry matter [d.m.]

na-24ngg’!

na-172ng g ' (d.m.)"

na—1.2pg kg™ (d.m.)’
n.a-3.68 ng g !

n.a-166 ng g

50-1800 ng g !

Spain
Colombia
Melbourne

China

Switzerland

Switzerland

[38]
[36]
[H]
[37]

[3,4]

[28]
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2.2 UV/persulfate process

Persulfate can be found in the form of three salts, i.e., sodium, potassium and
ammonium persulfate. However, as Table 4 shows [39], potassium persulfate has very
low solubility, and ammonium persulfate is unstable due to the oxidation of the
ammonium ion and of ammonia by persulfate [39]. Therefore, sodium persulfate is the
first choice for chemical oxidation treatment.

Table 4. Formula and solubility of three persulfate salts.

Sodium persulfate Potassium persulfate =~ Ammonium persulfate
Formula NaxS,03 K>S>0g (NH4)2S,03
Solubility
73 6 85
(g/100g of H20)

Sodium persulfate (Na2S20s), with a redox potential of 2.01 V, is the most commonly

used persulfate salt for chemical oxidation treatment. However, the direct reactions of

persulfate with organic contaminants are slow. To reach a satisfactory degradation rate,

activation to generate reactive radical species such as SO4 * and HOe is needed.

Persulfate can be activated by energy (ultraviolet (UV), heat, ultrasound, radiolysis,

etc.) or a catalyst (transition metals) to produce SO4 +. Among these activation methods,

UV is considered the most easily operated and efficient method. According to the

wavelength distribution [40], persulfate absorption ranges from the deep-UV region to

350 nm. All UV light sources (UVA, UVB, UVC, etc.) are capable of activating persulfate.
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In particular, UVC irradiation, which is widely used for drinking water disinfection, is
regarded as the most efficient light source to activate persulfate. Two sulfate radicals are
formed by the cleavage of peroxide bonds as UV gives energy to persulfate (Eq. 3) [41].

S$,057 + hv = 250, Eq.3

SO4 7+ is a strong one-electron oxidant with a high redox potential (2.5-3.1 V) and
is selective and applicable in a wide pH range. SO4 * reacts with water to generate HOs,
which is the dominant radical in basic conditions (Eq. 4-5) [42]. After electron-transfer
oxidations, SO4* is transformed to sulfate anion (SO42"), which does not require any
particular disposal method and poses unreasonable risk.

SO; ¢ +H,0 - SOf~ + HO e +H* k<60M~1s71 Eq. 4

S0, «+0H™ - SO;™ + HO k=65+1.0x10"M1s7t Eq.5

Sulfate radical-based processes are promising treatments for efficiently removing
recalcitrant organics since sulfate radical is more selective for oxidation through electron-
transfer reactions. One study investigated the degradation of 59 volatile organic
compounds (VOCs) in a thermally activated persulfate process, indicating that organic
contaminants with carbon-carbon double bonds or with benzene rings bonded to reactive
functional groups are easily degraded through this process [43].

UV/persulfate has been successfully utilized in the laboratory studies to eliminate a

variety of emerging contaminants, such as PPCPs, endocrine-disrupting chemicals,

10
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persistent organic pollutants, and disinfection byproducts, as shown in Table 5. As
presented in Table 5, the target compounds, except for perfluorooctanoic acid (PFOA),
can be almost completely decomposed within one and a half hours, with the molar ratio

of persulfate to target compound ranging from six to one hundred.

11
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Table 5. Degradation of emerging contaminants using UVC/persulfate process.

SMT]o= 0.02 mM
Sulfamethazine [ ] 45 min 96.5% [44]
PPCP [Persulfate]o= 0.2 mM
s
[CAP]o=31 uM
Chloramphenicol ! 40 min 100% [45]
[Persulfate]o= 0.25 mM
MP]o=32.8 uM
Methyl paraben (MP] " 90 min 98.9% [46]
c [Persulfate]o= 1 mM
EDCs
2,4-D]o=24.2 uM
2,4-Di-tert-butylphenol . " 30 min 85.6% [47]
[Persulfate]o= 1 mM
[PFOA]o= 150 uM
PFOA 8 hr 83% [48]
POP [Persulfate]o= 15 mM
s
[Endosulfan]o= 2.45 uM _
Endosulfan 80 min 85% [49]
[Persulfate]o= 24.5 uM
[BHA]o= 0.3 mM
Butylated Hydroxyanisole 20 min 100% [50]
DEP [Persulfate]o= 2 mM
s
HANs]o=2 uM
Haloacetonitriles : ! 20 min 100% [51]
[Persulfate]o= 200 uM
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Chapter 3 Materials and Methods

3.1 Chemicals and standards

The formic acid (ACS grade) and methanol (HPLC-MS grade) were purchased from
Riedel-deHaén (Seelze, Germany). Methanol (HPLC grade) was obtained from
Mallinckrodt Baker (Phillipsburg,PA, USA). 4-Methylbenzylidene camphor (4-MBC),
sodium persulfate, hydrogen peroxide, tert-butanol, sodium hydroxide, hydrochloric acid
and humic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). Benzoic acid,
sodium chloride and sodium sulfate were obtained from J.T. Baker (Philipsburg, NJ,
USA). Phosphoric acid, dipotassium hydrogen phosphate and potassium dihydrogen
phosphate were obtained from Nacalai Tesque (Kyoto, Japan). All of the chemicals were
of analytical reagent grade and were used as received without further purification. 4-MBC
stock solution was prepared in methanol and stored at —20 °C. Other solutions were
prepared in deionized (DI) water and stored at 4 °C.

The outdoor swimming pool water for simulating the degradation of 4-MBC in real
water matrix was collected in March 2019 from the outdoor swimming pool of National
Taiwan university. The water sample was filtered through 0.22 pm glass fiber membrane

and stored at 4 °C prior to using.
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3.2 Experimental procedures

The typical reaction experiment was performed in a 25 mL quartz tube containing
4-MBC (0.39 uM) and persulfate (42 uM). Solution pH was adjusted to a desirable value
with 0.1 M HCl and 0.1 M NaOH. The solution was irradiated with monochromatic light
(254 nm) from a low-pressure mercury lamp (8W, Sankyo, Japan), which was initially
warmed for 30 min to reach constant output. All experiments were conducted at room
temperature (25 £ 1 °C). At designated time intervals, 1 mL aliquots were withdrawn.
After that, the sample vials were kept in a 4 °C refrigerator for further analysis. All kinetic
experiments were performed in triplicate, and the error bars represent the standard

deviations among triplicate.

3.3 Determination of second-order rate constant

Second-order rate constant for reaction of SO4* with 4-MBC was estimated by
competition kinetic method using benzoic acid (BA) as a reference compound.
Experiments were carried out in a 25 mL quartz tube containing 4-MBC (3.9 uM), BA
(3.9 uM) and persulfate (420 uM). 4.2 mM tert-butanol (TBA) was spiked into the
solution to quench HO* during the UV/persulfate process. 1 mL aliquots were withdrawn
from the quartz tube at designated time intervals, and kept in a 4 °C refrigerator for further
analysis.

14

doi:10.6342/NTU201901036



3.4 Analytical methods

4-MBC was quantified by a high-performance liquid chromatography with a tandem
mass spectrometer (Sciex AP14000 HPLC-MS/MS) with an electro-spray ionization (ESI)
interface. Chromatographic separations were performed using a ZORBAX Eclipse XDB-
Cig column (150 x 4.6 mm, Sum). Analyses were performed in positive mode. The
gradient mobile phase consisted of 0.1% (v/v) formic acid in DI water/0.1% (v/v) formic
acid in methanol (HPLC grade) (A/B) at a flow rate of 0.9 mL/min, which started with
95/5 for 0.5 min, and increased linearly from 95/5 to 5/95 for the next 1 min and kept for
3.5 min. Then returned to 95/5 in 0.5 min, and held for 2 min. The sample injection
volume was 20 pL. The commercial 4-MBC mainly (>99%) consist of the (E)-4-MBC.
Therefore, the determinations of (E)- and (Z)-4-MBC were all using the calibration curve
of (E)-4-MBC, assuming the same detector response for respective (E)- and (Z)-4-MBC.
As Figure S2 shown, the retention time of (E)-4-MBC and (E)-4-MBC are 5.64 and 5.82
minutes, respectively. If not otherwise noted, 4-MBC data were summed and reported as
totals. The quantitation of 4-MBC was performed using m/z of 255 for precursor ion and
105 for product ion. The confirmation of 4-MBC was performed using m/z of 255 for
precursor ion and 171 for product ion.

Benzoic acid was detected by high-performance liquid chromatography with diode-

array detection (HPLC-DAD). The spectrophotometer was an Agilent 1200 module
15
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equipped with a ZORBAX Eclipse XDB-Cis column (150 X 4.6 mm, S5um). The mobile
phase was a mixture of methanol and 10.0 mM phosphoric acid (50:50, v/v) at a flow rate
of 1.0 mL min'!. The sample injection volume was 100 pL and the detection wavelength
was 227 nm.

Sulfate was measured by an ion chromatography system (Metrohm 790 Personal IC).
The mobile phase was a mixture of 1 mM sodium hydrogen carbonate and 3.2 mM
sodium carbonate. Chromatographic separations were performed using a Metrosep A

Supp 5 column (250 x 4.0 mm, Sum).

3.5 Product identification

The transformation products generated during UV/persulfate process were analyzed
by an AB SCIEX Triple TOF™ 5600 operated in ESI mode. Chromatographic separations
were performed using a ZORBAX Eclipse XDB-Cis column (150 X 4.6 mm, Spm).
Accurate MS and MS/MS patterns of 4-MBC and its transformation products were
analyzed in a molecular ion scanning mode (m/z 50 to 400) in positive mode. The gradient
mobile phase consisted of 0.1% (v/v) formic acid in DI water/0.1% (v/v) formic acid in
methanol (HPLC-MS grade) (A/B) at a flow rate of 0.9 mL/min, which started with 95/5
for 0.5 min, and changed linearly from 95/5 to 5/95 for the next 1 min and kept for 3.5

min. Then returned to 95/5 in 0.5 min, and held for 2 min. The sample injection volume
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was 50 L.
3.6 Microtox® acute toxicity test

The change in the acute toxicity during UV/persulfate degradation of 4-MBC was
carried out by measuring the decrease in the bioluminescence of Vibrio fischeri with a
Microtox® Model 500 Analyzer (Microbics Corp., Carlsbad, CA, USA). Before toxicity
tests, the pH values of all samples were adjusted to 7 to avoid affecting toxicity. Samples
were tested containing 2% sodium chloride, in five dilutions. The change of luminescence
was recorded after 5 and 15 min, compared to that of toxic-free control. ECso (the
concentration causing 50% Vibrio fischeri death) values are expressed as a percentage (%
v/v) of the initial sample. The final toxicity value is expressed in toxicity units (TU; TU

= 100/ECso).
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Chapter 4 Results and Discussion

4.1 Comparison of 4-MBC degradation by direct UV photolysis,

persulfate dark oxidation and the UV/persulfate process

Initial experiments were carried out to determine the 4-MBC degradation efficiency
under the three different conditions, including UV irradiation, persulfate dark oxidation
and the UV-activated persulfate process (UV/persulfate), as shown in Figure 1. There was
no appreciable direct UV photolysis of 4-MBC; 4-MBC was also stable in the presence
of persulfate (42 uM) alone in the dark. However, the combination of UV irradiation and
persulfate significantly enhanced the degradation of 4-MBC. Under the conditions of [4-
MBClo = 0.39 uM, [persulfate]o = 42 uM and initial pH = 7, up to 90% of 4-MBC was
destroyed within 6 min. The improved degradation efficiency of 4-MBC indicated a
synergistic effect in the UV/persulfate process. Considering that no measurable
degradation of 4-MBC was observed for either direct UV photolysis or persulfate dark
oxidation, 4-MBC degradation in the UV/persulfate process could be attributed to the
generation of reactive radicals, such as SO4 * and HO- [41].

4-MBC comprises geometrical (E)- and (Z)-isomers. As shown in Figure 2, under
UV irradiation alone, (E)-4-MBC was found to partially transform into (Z)-4-MBC, and

both isomers were stable throughout the reaction time. Previous studies have also
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observed the same phenomenon, in which 4-MBC experienced rapid photoisomerization
and achieved equilibrium within minutes [10, 25, 26]. However, in the UV/persulfate
process, 4-MBC not only experienced photoisomerization between (E)- and (Z)-4-MBC
but was also simultaneously degraded; within 6 min, more than 90% of all 4-MBC was
decomposed. In the following text, the concentrations of (E)- and (Z)-4-MBC, have been

summed and reported as totals if not otherwise mentioned.

1.2
1.0 § § § § L4 ?
— 0.8 |
Q
22)
a
T 06}
-
2
% 04l £
<+ O
0.2 K 4-MBC (UV photolysis)
© 4-MBC (persulfate oxidation) A
A 4-MBC (UV/persulfate) A
0.0 1 [ 1 T
0 1 2 3 4 5 6

Time (min)

Figure 1. Degradation of 4-MBC under direct UV photolysis, persulfate dark oxidation
and the UV/persulfate process. Experimental conditions: [4-MBCJo = 0.39 uM,

[persulfate]o = 42 uM, initial pH = 7, reaction time = 6 min.
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——0—— (E)-4-MBC (UV photolysis)
——@ —  (Z)-4-MBC (UV photolysis)
0.8 F ——— (E)-4-MBC (UV/persulfate)
(Z2)-4-MBC (UV/persulfate)

crc,

Time (min)
Figure 2. Degradation of (E)-4-MBC and (Z)-4-MBC under direct UV photolysis and the
UV/persulfate process. Experimental conditions: [4-MBCJo = 0.39 uM, [persulfate]o =

42 uM, initial pH = 7, reaction time = 6 min.

20

doi:10.6342/NTU201901036



4.2 Effect of initial persulfate dosage

The dosage of persulfate, which serves as a source of reactive radicals (e.g., HO¢
and SO4*), is an important operation parameter in the UV/persulfate process. The effect
of the initial persulfate dosage on 4-MBC degradation was studied in the range of 4.2 pM
to 42 uM at an initial pH of 7.0. A pseudo-first-order kinetics model was utilized to

describe 4-MBC degradation under the UV/persulfate process (Eq. 6),

In ([Ef_‘ﬂ’:’:g‘ilo) = —k,pt Eq. 6
where [4-MBCJo is the initial concentration (uM) of 4-MBC; [4-MBC] is the
concentration of 4-MBC at time t (min); and kobs is the pseudo-first-order rate constant
(min'!).

Figure 3 shows that 4-MBC degradation exhibited pseudo-first-order kinetics at all
persulfate dosages. Moreover, an increase in persulfate dosage indeed resulted in a
significant improvement in kqps, as shown in Figure 4. kops increased from 4.0 x 1072 to
44.8 x 1072 min ™! as the persulfate dosage increased from 4.2 uM to 42 uM. Figure 4 also
demonstrates a linear relationship between kobs and persulfate dosage (kovs = 0.0464 x
[persulfate] — 0.0153, R? = 0.997). The acceleration of 4-MBC degradation with higher
persulfate dosage could be attributed to the increase in reactive radicals in the presence

of a higher persulfate dosage. A similar trend has been reported for methyl paraben and

chloramphenicol degradation at various persulfate dosages in the UV/persulfate process
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[45, 46]. Nevertheless, several previous studies have investigated perfluorocarboxylic
acid degradation in the UV/persulfate process and reported that an increase in the initial
persulfate dosage could not always accelerate the pollutant degradation rate [40, 48]
because of the self-scavenging behavior of SO4 e, as shown in Eq. 7 [52]. However, this
self-scavenging effect was not observed in this study, probably because the highest
persulfate dosage used in this work (42 uM) did not reach the critical level that started to
hinder 4-MBC degradation.

SO; « +50; +— S,03~ Eq.7

Time (min)

! 1 2 3 4 5 6
0.0 :\\Q A ) L) !
Py iy A ‘ -
NG o
G~ 2%
-0.5 F Y T i 1
B, b ?“\\\o
A |+ SR N
~ § e
g e A
E \. TR 4
ar ) ~
= 15 o T
p— = - \
= o
:
= 2.0 | =,
£ A 4.2 M persulfate (k , = 0.040 + 0.008 ) )
& 12,6 M persulfate (k , = 0.110 = 0.021) §\_
25F | @ 21.0 uM persulfate (k,, = 0.225 = 0.014) \-\ 1
O 42.0 uM persulfate (k , = 0.448 + 0.014) \1{
-3.0

Figure 3. Effect of persulfate dosage on 4-MBC degradation in the UV/persulfate process.
Experimental conditions: [4-MBCJo = 0.39 uM, [persulfate]o = 4.2—42 uM, initial pH =

7, reaction time = 6 min.
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Figure 4. A linear relationship between kobs and persulfate dosage in the UV/persulfate
process. Experimental conditions: [4-MBCJo = 0.39 uM, [persulfate]o = 4.2—-42 uM,
initial pH = 7.
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4.3 Effect of solution pH

The solution pH, which affects radical generation (Eq. 8-9) [53], is also an important
factor in evaluating the efficiency of the UV/persulfate process. Considering the fact that
the quantum efficiency of photodissociation and the molar extinction coefficient of
persulfate at a 254 nm wavelength are identical at different pH values [52]; the different
degradation rates that occurred at various pH values could be mainly ascribed to the
different radicals (e.g., HO* and SO4 *) dominating 4-MBC degradation.

S0, «+0H™ - SO;™ + HO Eq. 8

SO, «+H,0 - H* +50;~ + HO Eq. 9

Prior to the investigation of the effect of solution pH on 4-MBC degradation,
background experiments were conducted to ensure the reasonableness of the data. First,
the effect of the presence of phosphate buffer was studied, as shown in Figure 5.
Phosphate buffer was utilized to maintain the solution pH during the UV/persulfate
process. We found that regardless of whether 1 mM or 5 mM phosphate buffer was added,
the degradation of 4-MBC was seriously inhibited. Similar results have also been reported,
in which phosphate buffer inhibits the reactivity of SO4 ¢ and HO- [46, 54, 55]. Second,
Table 6 lists the final pH under different initial persulfate dosages without using the
phosphate buffer during the UV/persulfate process. The solution pH dropped from 7.0 to

4.9 with increased persulfate dosage (i.e., from 4.2 uM to 42 uM), where the higher the
24

doi:10.6342/NTU201901036



persulfate dosage used was, the more the pH dropped. This phenomenon has also been

observed in several previous studies [45, 48, 50]. Acidic byproduct generation during

persulfate decomposition may be the major rationale for the pH decrease during the

UV/persulfate process; such reaction include the formation of 1) acidic degradation

byproducts and 2) acidic photoproducts of persulfate, such as bisulfate (HSO4 ) and

protons (H") (Eq. 10-13), as well as 3) acidic inorganic products, such as peroxysulfuric

acid (H2S0Os) and sulfuric acid (H2SO4) (Eq. 14-15). Consequently, to avoid the phosphate

buffer effect and to maintain the pH during the reaction (within an allowance of plus or

minus 0.5), as well as to observe the 4-MBC degradation phenomenon via the

UV/persulfate process, phosphate buffer was not used. Additionally, a spiked persulfate

dosage of 12.6 uM was determined for use in subsequent experiments.

S,02~ + H,0 - 2HSO; + 0.50, Eq. 10
S,02~ + H* - HS,05 Eq. 11
HS,05 - SO, + HSO; Eq. 12
HSO; » H* +S0;~ Eq. 13
HS,05 + H,0 > H,S0 + HSO; Eq. 14
H,S0s + H,0 > H,0, + H,S0, Eq. 15

To determine the effect of solution pH, 4-MBC degradation experiments were

carried out at pH values ranging from 5 to 9 (Figure 6). kovs remained approximately
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constant from 11.8 X 102 min! to 11.0 X 1072 min ! in acidic and neutral solutions

and then significantly decreased to 6.8 X 1072 min! in basic conditions. A previous

study also reported that an increase in solution pH resulted in a decrease in the

degradation rate of the antineoplastic drug azathioprine in the UV/persulfate process [56].

Based on Eq. 8, with further increases in solution pH, the increased OH™ in the solution

tends to react with SO4 * and further produce HOe, which gradually replaces SO4* as the

dominant radical. Thus, it is supposed that SO4 "« is the predominant reactive species for

4-MBC degradation; additionally, compared to HOe, SO4 ¢ likely exhibits a much greater

reactivity towards 4-MBC, leading to the apparent rise in 4-MBC degradation efficiency

under acidic and neutral conditions. Further verification of this assumption is discussed

in the section 4.4.

Table 6. The final pH under different initial persulfate dosages.

Initial pH

7.0

Final pH

7.0

6.6

5.8

4.9
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Figure 5. Effect of phosphate buffer on 4-MBC degradation in the UV/persulfate process.

Experimental conditions: [4-MBCJo = 0.39 uM, [persulfate]o =42 uM, [phosphate buffer]

=0 mM-5 mM, initial pH = 7, reaction time = 6 min.
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4.4 Identification of reactive species

Based on the results discussed in the previous sections, the excellent degradation
efficiency of 4-MBC in the UV/persulfate process may be ascribed to reactive radical
(SO47+ and HOe) oxidation. The generation of SO4 ¢ and HOe< in the UV/persulfate
process follows these equations (Eq.16-17) [22].

S,05~ + hv = 250, » Eq. 16

SO; e +OH™ > SO;~+HOe k=65x10"M"1s71! Eq. 17

First, to ensure that the degradation of 4-MBC was initiated by reactive radical
oxidation, methanol (MeOH), which contains a-hydrogen, was used to quench both SO4 ¢
and HO- (Eq. 18-19) [21, 22]. As shown in Figure 7, the degradation of 4-MBC was
extremely inhibited in the presence of MeOH. This result suggested that reactive radicals
(e.g., HO* and SO4*) contributed to 4-MBC degradation in the UV/persulfate process.

SO, * +MeOH — products k =1.1x10" M~1s71 Eq. 18

HO ¢« +MeOH — products k =9.7x 108 M~1s71 Eq. 19

Second, to identify the contribution of HO+ and SO4 ¢ to 4-MBC degradation in the
UV/persulfate process, tert-butanol (TBA), which lacks a-hydrogen, was used to quench
HO- but not SO4 "« since the rate constants between TBA and SO4 ™« are significantly lower
than those between TBA and HO-« (Eq. 20-21) [21, 22]. Figure 8 shows that in the

presence of TBA, no recognizable differences were observed at all studied pH values (5,
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7 and 9) in the UV/persulfate process. This result suggested that SO4 ¢ was the major
reactive radical in the UV/persulfate process for reaction with 4-MBC. To further verify
this conclusion, experiments with a UV-activated hydrogen peroxide process (UV/H20.)
were also conducted to confirm whether HO« is insignificant in 4-MBC degradation. In
the UV/H,0; process, HOe is the major reactive radical species that degrades 4-MBC. As
shown in Figure 8, no degradation of 4-MBC was observed under the UV/H>O- process,
even when using much higher oxidant dosages (42 pM) and longer reaction times (30
min) than those in the UV/persulfate process at pH 5, 7 and 9. These results reiterate that
SO4* is the dominant species under the UV/persulfate process.

SO, ¢ +TBA - products k =4.0x 10> M~1s71 Eq. 20

HO ¢ +TBA - products. k =6.0x 108 M~1s71 Eq. 21

To further explore the reactivity of SO4 * in 4-MBC degradation, the second-order
rate constant of SO47* with 4-MBC (kso;.4-mpc) Was estimated by the competition
kinetics method [54]. Benzoic acid (BA) was chosen as the reference compound for
kso;.a-mpc determination; the second-order rate constant of SO47 with benzoic acid
(ksozepa) is 1.2 X 10° M7 s7! [22]. Background tests showed no removal of 4-MBC
and benzoic acid upon UV irradiation or in the presence of persulfate alone in the dark
within 6 min (Figure S1). Thus, the influence of UV photolysis and dark persulfate

oxidation could be neglected in calculations. TBA was added to the solution to quench
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HOr¢ in the UV/persulfate process. Therefore, the degradation of 4-MBC and benzoic acid

was assumed to mainly occur by SO4 7. The second-order rate constant of SO4 ¢ with 4-

MBC (kso;.4-mpc) can be calculated by Eq. 22.

In ([4—MBC]0) _ kSOZ-A—MBC In ([benzoic acid]o) Eq. 22

[4—MBC]; ksog e benzoicacid [benzoic acid];

Then, a straight line with the slope kso;.4-mBc/Kso; e Benzoicacia and an intercept of
zero could be plotted with In([4-MBC]o/[4-MBC];) as the y-axis and In([benzoic
acid]o/[benzoic acid];) as the x-axis. Figure 9 shows that the reaction rate constant ratio
between 4-MBC and benzoic acid with SO47* was 2.455 £ 0.05. Thus, the second-order
rate constant of SO4  with 4-MBC was calculated to be (2.95 = 0.05) X 10° M !s™!
This value is near the diffusion-controlled limit, indicating that 4-MBC is susceptible to
attack by SO4 . Several previous studies have also estimated that the second-order rate
constants of SO4 ¢ with other compounds (e.g., 2,4,6-trichloroanisole and sulfasalazine)

are near the diffusion-controlled limit [54, 57].
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Figure 7. Effect of MeOH on the UV/persulfate process. Experimental conditions: [4-
MBClo = 0.39 uM, [persulfate]o = 12.6 uM, [MeOH] = 126 mM, initial pH = 7, reaction

time = 6 min.
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Figure 8. Effect of TBA on the UV/persulfate process and the degradation efficiency in
the UV/H,0: process at pH 5, 7 and 9. Experimental conditions: [4-MBC]Jo = 0.39 uM,
[persulfate]o = 12.6 uM, [hydrogen peroxide]o =42 uM, [TBA] = 1.26 mM.
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Figure 9. Determination of the reaction rate constant of SO4 « with 4-MBC. Experimental
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mM, initial pH = 7.0.
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4.5 Final product of persulfate

In the UV/persulfate process, SO47* is generated during the UV activation of
persulfate. Subsequently, sulfate anions will be generated by electron transfer from 4-
MBC to SO4 . The conversion ratio of persulfate to sulfate anions can be calculated
according to the following equation (Eq. 23) [44].

sulfate anion]

Conversion ratio(%) = [ x 100% Eq. 23

2[persulfate]

The relationship between 4-MBC degradation and sulfate anion formation (as
indicated by the conversion ratio) over time is shown in Figure 10. As expected, while 4-
MBC was degraded, the persulfate conversion ratio continuously increased with reaction
time for 10 min. After 10 min of irradiation, the persulfate conversion ratio increased to
approximately 100% at persulfate concentrations of 2.1 mM and 42 pM. Thus, the results
demonstrated that all the persulfate used in this study was almost completely transformed
into sulfate anions after the reaction. A similar trend has also been noted in previous
studies [40, 44]. However, the complete transformation of persulfate in the first 10 min
also suggested that the reaction between the radical species (SO4 ¢) and 4-MBC mainly

occurred within this time period. Therefore, the remaining 4-MBC was not further

degraded, and equilibrium was reached after 10 min.
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Figure 10. Persulfate conversion ratio during UV/persulfate degradation of 4-MBC.
Experimental conditions: (1) [4-MBCJo = 0.39 uM and [persulfate]o = 42 uM; (2) [4-
MBClo = 19.7 uM and [persulfate]o =2.1 mM; initial pH= 7.
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4.6 Transformation products of 4-MBC

To explore the transformation products during 4-MBC degradation in the
UV/persulfate process, an experiment was carried out at a high 4-MBC concentration
(19.7 uM) to facilitate the detection of transformation products. The molar concentration
ratio of persulfate to 4-MBC remained the same as that in the degradation kinetics study
in the previous section 4.5. In addition to the higher concentrations of 4-MBC and
persulfate, the reaction time was extended to 60 min. According to the product analysis,
two proposed pathways were found in 4-MBC degradation. One pathway is
hydroxylation, and the other is demethylation. The hypothetical pathways and time-
dependent formation of 4-MBC transformation products are illustrated in Figure 11 and
Figure 12, respectively. The detailed chromatographic and mass spectral information for
the transformation products are listed in Table S1, Figure S3 and Figure S4. The detection
of P1 with an m/z of 271 demonstrated that hydroxylation occurred during 4-MBC
degradation in the UV/persulfate process. Hydroxylation frequently occurrs during
activation of the persulfate reaction, based on previous published work [45, 46, 50, 56,
58-60]. Moreover, the detection of P2 with an m/z of 242 indicated that demethylation
also occurred during 4-MBC degradation in the UV/persulfate process. A previous study
has also reported that the possible degradation mechanism of bisphenol A during a SOy »-

based oxidation process involves demethylation [61].
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In the previous section (4.5), we concluded that the radical reaction between SO4 ¢
and 4-MBC happened only in the first 10 min. However, in Figure 12, we found that the
intensities of the byproducts P1 and P2 continuously decreased after 10 min of reaction
time. This result implied that P1 and P2 were photolyzed by UV irradiation and that their

degradation after 10 min is mainly attributed to direct UV photolysis.

CH,
H3C CH3
o
H;C
(1) hydroxylation (2) demethylation

CH,
H,C CH,

o

(P2)

H;C
Figure 11. Hypothetical pathways of 4-MBC byproduct formation in the UV/persulfate

process.
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Figure 12. Formation of transformation products in the UV/persulfate process.
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4.7 Toxicity

To observe the change in toxicity of 4-MBC during the UV/persulfate process, the
initial 4-MBC and persulfate concentrations were raised to fifty times those used in the
degradation kinetics experiments (the same elevated conditions as in section 4.6).
Moreover, to distinguish the source of toxicity, the experiments were carried out under
three conditions, including UV irradiation alone, persulfate dark oxidation and the
UV/persulfate process. The changes in toxicity via 4-MBC degradation are shown in
Figure 13 and Figure 14. The results from the control experiments (Figure 13) show that
the toxicity remained unchanged under both UV irradiation alone and persulfate dark
oxidation. However, increased toxicity was observed in the UV/persulfate process (Figure
14): the toxicity continuously increased during the first 20 min, remained at the same
level for ten minutes, and then decreased after 30 min of reaction time. A similar trend
was reported in a previous work, which indicated that the degradation of
sulfamethoxazole exhibited acute toxicity to Vibrio fischeri [60]. Both trimethoprim and
sulfamethoxazole also showed a higher inhibitory effect on the luminescent bacterium
Vibrio qinghaiensis after the UV/persulfate process [62]..

The rising toxicity during the UV/persulfate process may be derived from the
formation of transformation products that are more toxic than 4-MBC itself. To explore

the source of toxicity during 4-MBC degradation, we tentatively compared the toxicity
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results (Figure 14) with the formation trend of the detected transformation products P1

and P2 (Figure 12). However, the P1 and P2 formation tendencies were not correlated

with the toxicity trend. Hence, it is supposed that other unknown 4-MBC transformation

products gave rise to the increase in toxicity. However, as stated in the previous section

(4.5), the complete transformation between persulfate and sulfate anion in the first 10 min

suggested that after 10 min of reaction time, direct UV photolysis would become the

dominant mechanism in the system. However, our toxicity results (Figure 14) show that

the toxicity continued to change after 10 min of reaction time; which implied that the

unknown 4-MBC transformation products were possibly more photolabile to UV

irradiation than 4-MBC itself and that the photodegradation of these unknown products

resulted in the toxicity change after 10 min. In addition, the formation of transformation

products and the change in toxicity indicated that 4-MBC was not completely mineralized

at the end of the reaction.
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Figure 13. Change in toxicity during 4-MBC degradation under UV irradiation alone and
persulfate dark oxidation. Experimental conditions: [4-MBCJo = 19.7 uM, [persulfate]o =
2.1 mM, initial pH = 7.
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Figure 14. Change in toxicity and 4-MBC degradation with reaction time in the
UV/persulfate process. Experimental conditions: [4-MBCJo = 19.7 uM, [persulfate]o =

2.1 mM, initial pH = 7.
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4.8 Effect of swimming pool water

To assess the performance of the UV/persulfate process on 4-MBC degradation in a
practical application, outdoor swimming pool water was set as the background matrix.
The characteristics of the outdoor swimming pool water are summarized in Table 7.
Figure 15 shows the degradation of 4-MBC in outdoor swimming pool water and DI water
under UV/persulfate conditions. 4-MBC degradation was significantly attenuated in the
outdoor swimming pool water.

To differentiate the factors resulting in the declining degradation efficiency, the
experiments were divided to consider two dimensions: one factor was the effect of
inorganic anions, and the other was the effect of dissolved organic matter (DOM). Based
on our sampling data (Table 7), CI" and SO4* are the two most abundant anion
constituents in outdoor swimming pool water. Hence, these two compounds were added
to DI water to mimic the high inorganic anion concentration of outdoor swimming pools,
while DOM was solely added to DI water in other samples. The amounts of CI-, SO4*
and DOM adding to the DI water were selected to simulate real swimming pool water
(Table 8). Figure 16 shows that the 4-MBC removal was nearly the same in the real and
ion-amended synthetic swimming pool water. However, adding DOM to DI water had an
insignificant influence on the 4-MBC removal efficiency. These results indeed narrowed

down the possible factors that led to the lower degradation efficiency of 4-MBC. Thus, it
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can be hypothesized that the inorganic anions, Cl~ and SO4>" are the major inhibiting
factors. Figure S5 demonstrates the 4-MBC removal in the present of different inorganic
anions added separately to DI water.

To further discriminate between CI~and SO4? to identify the main inhibitory effect
on degradation efficiency, experiments with various concentrations of CI” and SO4*~ in
DI water were performed. The experimental conditions are shown in Table 9. Figure 17
plots the graph of the removal of 4-MBC in the presence of different concentrations of
anions. The presence of SO4> slightly affected the degradation of 4-MBC at all
concentrations; however, the existence of Cl™ exhibited a remarkable inhibitory impact,
especially at higher CI” concentrations. For further confirmation, UV/persulfate
experiments in outdoor swimming pool water spiked with additional C1~ and SO4*~ were
also carried out and could be divided into three categories, as shown in Table 10: Cl
addition only, SO4>~ addition only and both CI” and SO4>~ addition. Figure 18 shows the
4-MBC removal under these three conditions. The results corresponded with the
experiments conducted in DI water: the influence of ClI” on 4-MBC degradation in the
UV/ persulfate process was more significant than that of SO4>~. The severe inhibitory
effect of CI has also been reported in the previous studies [46, 54, 56].

CI" reacts with SO4 7 and yields reactive species such as Cle, Cly"s, and CIHO

through complicated chain reactions (Eq. 24-26). The formation of these radials could
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suppress the reaction due to their lower redox potentials than that of SO4 ¢ [63-65].
Furthermore, as mentioned in section 4.5, SO4>~ is expected to be the final product of
persulfate oxidation and does not react directly with SO4*. Therefore, the presence of

SO4* resulted in less inhibition of 4-MBC degradation in the UV/persulfate process.

Cl™ +S0; o Cl e +S02~ k=3.0x10% M~1s~1 Eq. 24

Cle+Cl~ - Cl; k=80x10°M ts1 Eq. 25

Cl; « +OH™ - CIOH™ o +Cl~  k=2.0x107 M~ts™1 Eq. 26
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Table 7. The characteristics of outdoor swimming pool water.

Concentration

(ppm)

1.2

© Swimming pool water
© DI water

1.0Q

08 §

[4-MBC]/[4-MBC],
[(—]
(=)
.Y
Y

04

0.2 F

0.0 1 1 1 1 1

Time (min)

Figure 15. Effect of different water matrices on 4-MBC degradation. Experimental
conditions: [4-MBClJo = 0.39 uM, [persulfate]o = 42 uM, initial pH = 7.0, reaction time

= 6 min.
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Table 8. The chloride and sulfate ion concentrations in different water matrices.

Cr SO4*
(ppm) (ppm)
DI water - - -
Swimming pool water 20.8 9.8 0.4
Synthetic swimming pool water (ion) 20 0
(DI + CI” + SO4»)
Synthetic swimming pool water (DOM) 04
(DI + DOM) '
100
e
80 | e,
§ 60 | :
=
= [— B s
) 40 | [ E— e
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Figure 16. Removal of 4-MBC in different water matrices. Experimental conditions: [4-

MBClo = 0.39 uM, [persulfate]o = 42 uM, initial pH = 7.0, reaction time = 6 min.
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Table 9. The different chloride and sulfate ion concentrations added to DI water.

| CI- (ppm) SO (ppm)
DI water - -
DI+ CI” 10 20 50 -
DI + SO4* - 5 10 20

100
80 I
T I'I'L':':
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< 60}
N’
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N
>
£
¢y 40F
20
0
v v v or o5 0+
prwat® gopm g opm C g ppm C L pm SO g ppm SOt ppm SO

Figure 17. Removal of 4-MBC in DI water with different concentration of inorganic
anions. Experimental conditions: [4-MBClJo = 0.39 uM, [persulfate]o = 42 uM, initial pH

= 7.0, reaction time = 6 min.
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Table 10. The different chloride and sulfate ion concentrations added to outdoor

swimming pool water.

CI” (ppm) SO+~ (ppm)
Swimming pool water 20.8 9.8
Swimming pool water + CI” + SO4*" 40.8 19.8
Swimming pool water + CI~ 40.8 9.8
Swimming pool water + SO4*~ 20.8 19.8
60
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Figure 18. Removal of 4-MBC in swimming pool water with different concentrations of
inorganic anions. Experimental conditions: [4-MBCJo = 0.39 uM, [persulfate]o = 42 uM,

initial pH = 7.0, reaction time = 6 min.
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Chapter 5 Conclusions and Environmental Implication

The conclusions drawn from this work include the following:
I.  The UV/persulfate process significantly enhances the degradation of 4-MBC.
® Upon UV photolysis alone, 4-MBC experienced only photoisomerization
between (E)- and (Z)-4-MBC.
®  Under the conditions of [4-MBClJo = 0.39 uM, [persulfate]o = 42 uM and
initial pH = 7, 4-MBC was nearly completely decomposed within 6 min.
II.  The persulfate dosage and solution pH affect the 4-MBC degradation rate in the
UV/persulfate process.
®  As the persulfate dosage ranged from 4.2 uM to 42 pM, kobs increased from
4.0x1072t044.8 x 1072 min .
® k. remained approximately constant in acidic (pH 5) and neutral solutions,
but significantly decreased in basic conditions (pH 9).
II. SO47e is the dominant radical responsible for 4-MBC degradation in the
UV/persulfate process.
® The second-order rate constant of SO4 « with 4-MBC was calculated to be
(2.95+0.05) X 10°M gL
IV. Transformation products of 4-MBC are generated during the UV/persulfate

process.
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® The proposed transformation pathways of 4-MBC involved hydroxylation

and demethylation.

® The formation of unknown transformation products resulted in the rising

toxicity and indicated that 4-MBC was not completely mineralized at the

end of the reaction.

V. The removal of 4-MBC decreased from 93% to 48% in swimming pool water.

® Inorganic anions are the major inhibiting factors especially CI".

Recommendations for future work:

I.  The transformation products found in the present work were not correlated

with the toxicity trend. Further investigation of the unknown transformation

products resulting in the rising toxicity should be carried out.

II. The removal of 4-MBC in the UV/persulfate process should be conducted in

a more complicated water matrix (e.g., wastewater) to understand the effects

of other constituents.

Environmental implication:

Although inorganic anions attenuate the 4-MBC degradation in the UV/persulfate

process, removing inorganic anions would be an important pretreatment step if this

UV/persulfate process were to be used in the real wastewater environments.

However, investigations on the effect of the coexisting substances, as well as further
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ecotoxicological tests, should be conducted carefully and comprehensively before

this technology is utilized in practical applications.
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Supporting information
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Figure S1. Degradation of 4-MBC and benzoic acid under UV irradiation alone and

persulfate dark oxidation.

Table S1. List of transformation products of 4-MBC in the UV/persulfate process as
detected by LC-QTOF-MS/MS.

Transformati Retention Measured
on time Formula m/z
byproducts (min) [M+H]*
P1 3.75 CisH2202 -0.8 271.1587
P2 3.97 Ci17H220 0.7 242.2030
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Figure S2. Chromatograms of the (E)- and (Z)-4-MBC: (a) before and (b) after the UV irradiation.
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Figure S5. Removal of 4-MBC in DI water in the presence of different inorganic anions.
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