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The widespread occurrence of iodinated X-ray contrast media (ICMs) in aquatic systems poses potential

risks to ecologic system and human health. The present study investigated the degradation kinetics and

mechanisms of a typical ICMs, diatrizoate (DTZ), by using simulated sunlight (from a solar simulator

Suntest CPS+) activated persulfate (PS) oxidation process. The influence of key kinetic factors, such as

PS concentrations, pH, dissolved organic matter (DOM), bicarbonate and chloride ions was evaluated.

The reaction pathways and mechanisms were proposed based on photoproducts identification using

HPLC-MS. UV/PS was found to be more efficient than UV/H2O2. Sulfate radicals (SO��
4 ) was the dominant

reactive species in the oxidation process, and the second-order rate constant of sulfate radical with DTZ

was calculated as1.90 � 109 M�1 s�1 based on laser flash photolysis (LFP) experiments. The results indi-

cated that increasing initial PS concentration favored the decomposition of DTZ; whereas, degradation of

DTZ was not affected by pH change ranging from 4.5 to 8.5. DOM inhibited DTZ removal rate, while, bicar-

bonate enhanced it, and chloride ions induced a negative effect above 500 mM. Major oxidation pathways

including deiodination-hydroxylation, decarboxylation- hydroxylation and side chain cleavage were pro-

posed, and detailed underlying mechanisms were also discussed. We suggest a direct photodegradation

of primary intermediates generated by SO��
4 attack. These findings demonstrate that halogenated pollu-

tants can readily react with SO��
4 to form light-absorbing intermediates (ranging from 350 to 500 nm).

Thus, this activation method could be a promising approach in the removal of ICMs.

1. Introduction

In recent decades, a growing number of studies have docu-

mented the widespread occurrence of pharmaceuticals in aquatic

environment, raising serious concerns about their influence on

aquatic ecosystems and human health [1–4]. Many pharmaceuti-

cals were found to be recalcitrant to conventional drinking water

and wastewater treatment processes (WWTPs) [5,6]. As a conse-

quence, pharmaceuticals are frequently detected in natural waters,

and in drinking waters and constitute a potential risk for human

health [7–11].

Iodinated X-ray contrast media (ICMs), a class of medical diag-

nostic agents routinely prescribed for imaging tissues and internal,

are among the most recalcitrant and highly persistent pharmaceu-

ticals [5]. Large quantities of ICM are administered to individual

patients undergoing tests (>100 g dose�1), and the annual world-

wide consumption of ICMs was reported as approximately

3.5 � 106 kg [12]. ICMs are designed to be resistant to metabolism

and thus are generally excreted unchanged within 24 h [13].
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Conventional WWTPs could not remove ICMs effectively, leading

to their occurrence in surface water and ground water at concen-

tration ranging from ng L�1 to lg L�1 [14–17]. The ICMs contribute

substantially to the organic halogen levels in municipal and hospi-

tal effluents, which has raised additional concerns [18]. The pub-

lished information about the environmental risk of ICMs is not

abundant, however, some research has shown that DTZ may have

nephrotoxic effects in animals and humans [19,20]. Although there

is lack of information about their impact on health, drinking water

should be free of ICMs to minimize the potential risk of long-term

adverse health effects. Therefore, it is essential to develop an effec-

tive treatment technology to remove these compounds from

waters.

Advanced oxidation processes (AOPs) are promising alterna-

tives capable of removing these pharmaceuticals from WWTPs.

The AOPs technology is mainly based on the generation of reactive

species arising from the decomposition of oxidants such as hydro-

gen peroxide (H2O2) and persulfate (PS, S2O8
2�). Among the com-

monly used oxidants, PS received wide attention due to its high

redox potential (E0 � 2.1 V) [21,22]. PS is a relatively stable oxidant

in water, however, it can be activated by UV, heat, base, or transi-

tion metals to generate a stronger oxidant, sulfate radical (SO��
4 ,

E0 � 2.6 V) [23–27]. It has been demonstrated that, SO��
4 , in general,

could react with organic compounds with a second-order rate con-

stant in the range 106–109 M�1 s�1 [28]. Unlike the well-known

hydroxyl radical (�OH), SO��
4 is believed to react with organic com-

pounds mainly via electron transfer mechanism, which makes it

more selective [29]. Moreover, by comparison with �OH, SO��
4 is less

likely scavenged by dissolved organic matter (DOM), such as humic

and fulvic acids, that are ubiquitously present in natural waters

[30]. Therefore, SO��
4 -based oxidation processes show advanta-

geous relative to conventional HO�-based AOPs in certain water

treatment and remediation scenarios [31].

Various AOPs processes have been utilized to degrade ICMs,

such as UV/H2O2, UV/TiO2, O3 [32–34]. While treatment feasibility

of ICMs was examined, previous studies did not provide mechanis-

tic details and did not explore the effects of naturally occurring

substances (e.g., DOM, bicarbonate), which are essential for opti-

mizing the treatment process. Moreover, studies reporting the

treatment of ICMs by SO��
4 -based oxidation process, especially ionic

ICM like diatrizoate (DTZ) that was remarkably resistant to

biodegradation, are scarce [35,36]. Velo-Gala et.al undertook a

comparative study on different AOPs processes for the degradation

of DTZ, and found that SO��
4 -based oxidation process could be an

effective choice [37]. However, a detailed kinetic and mechanistic

map describing the degradation of DTZ by SO��
4 is still lacking.

In the present study, we attempted to elucidate the underlying

mechanisms and oxidation pathways of the reaction between DTZ

and SO��
4 . SO��

4 was generated by simulated sunlight activated PS

process. Kinetic studies were conducted for a better understanding

of the influence of factors including pH and natural water con-

stituents. The identification of DTZ transformation intermediates

and products was also performed by using HPLC-MS method.

Based on the HPLC-MS data, the reaction mechanisms and detailed

transformation pathways were proposed. Our study provides use-

ful information about using sulfate radical-based technologies for

remediation of the groundwater contaminated by DTZ and struc-

turally related X-ray contrast agent.

2. Materials and methods

2.1. Chemicals

Sodium diatrizoate hydrate (DTZ, 98%), nitrobenzene (NB, 99%),

para-nitroaniline (PNA, 99%), hydrogen peroxide (30% w/w) and

potassium persulfate (K2S2O8, 99%) were purchased from Sigma-

Aldrich. Suwannee River fulvic acid (SRFA, 1R101F) of reference

grade was obtained from International Humic Substance Society

(IHSS). HPLC or LC–MS grade acetonitrile (ACN), methanol (MeOH),

ethanol (EtOH) and t-butanol (TBA) were supplied by Fisher Chem-

ical. Other reagents were of analytical grade and used as received

without further purification. Milli-Q water (18 MX cm) was pre-

pared from a Millipore Milli-Q system. All solutions were prepared

by dissolving the chemical agents into Milli-Q water without fur-

ther purification.

2.2. Experiments setup

SO��
4 radicals were generated by activation of persulfate under

simulated solar irradiation, and the irradiation experiments were

conducted in a solar simulator Suntest CPS+, (HERAEUS, Hanau,

France) equipped with a 1.5 kW xenon arc and an ultraviolet filter

allowing a simulation of the solar spectrum between 290 nm and

400 nm. The reaction was carried out in a cylindrical Pyrex reactor

(i.d. = 5 cm, H = 15 cm, V = 150 mL) and the temperature was main-

tained at 20 �C using a circulating water system. A scheme of the

applied reactor is present in Fig. S1 (Supplementary Material).

Specific aliquot of substrate (DTZ) and appropriate volumes of per-

sulfate stock solution were added to achieve 50 mL reaction solu-

tion. Control experiments with substrates alone and dark

experiments with substrate-persulfate were carried out under

identical conditions. Except for buffered solutions (achieved using

10 mM Na2HPO4 and 10 mM NaH2PO4 in the experiments with

bicarbonate), the initial pH of other reaction solutions were

adjusted using 0.01 M H2SO4 and 0.01 M NaOH. Aliquots of

0.3 mL were withdrawn at selected time intervals and quenched

immediately with the same volume of methanol, a well-known

scavenger for SO��
4 and �OH, to stop the chemical oxidation reac-

tions. All experiments were performed at least in duplicate.

2.3. Analytical procedures

The concentrations of DTZ, NB and PNA were analyzed using a

Shimadzu 10A series high performance liquid chromatography

(HPLC, Shimadzu) system equipped with a Model 7725i injector

with a 20 lL sample loop and coupled with a LC-10AT binary pump

and a SPD-M10ADAD. Samples were separated using an Yperspher

BDS C18 column (5 lm, 125 mm * 4.0 mm, i.d.) (Interchim, France)

at 40 �C. The mobile phase was a mixture of acetonitrile and

acidified-water (3‰ formic acid by volume, pH 3.0). An overview

of the HPLC parameters is given together in Table S1, Supplemen-

tary Material.

Concentrations of SRFA were expressed as total organic carbon

(TOC, mg C L�1) and determined using a Shimadzu 5000A analyzer

(Japan).

The UV–vis spectra of the selected chemicals were recorded

using a Lambda 950 UV–vis spectrophotometer (PerkinElmer,

USA) and quartz cuvettes.

Identification of the degradation products of DTZ were carried

out using HPLC-MS method. The HPLC-MS data were recorded

using an Agilent Chromatograph equipped with a 996-

photodiode array detector, an atmospheric-pressure chemical ion-

ization device (APCI), and a reverse Zorbax eclipse XDDC18 column

(5 lm, 150 mm * 4.6 mm, i.d.).

The pH of the solutions was measured using a combined glass

electrode connected to a PHM 210 Standard pHmeter (Radiometer,

Copenhagen).

The second order rate constant of DTZ with SO��
4 was deter-

mined by means of laser flash photolysis (LFP) by recording the

SO�� decay rates under different conditions. The rate constants of
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DTZ with �OH and CO��
3 were calculated by competitive kinetic

methods. The detailed description of these methods are presented

in Supplementary Material (Text S1–S3).

PS concentration was evaluated by a spectrophotometric

method, which is presented in Text S6, Supplementary Material.

PS in excess was used in our study and the change of PS concentra-

tion within 60 min was negligible. Concentration of sulfate radical

at the initial step was also calculated by the method described in

Text S8, Supplementary Material, and the values are listed in

Table S4.

3. Results and discussion

Preliminary dark control experiments with DTZ and PS were

conducted (in Fig. 1). No loss of DTZ was observed, indicating that

no reaction occurs in the absence of light activation.

3.1. Reaction kinetics

Before investigating the AOPs process, we studied the photoly-

sis of DTZ alone in the solar simulator. As shown in Fig. 1, the decay

of DTZ was negligible, in accordance with the work by Sugihara

et al. who showed that DTZ did not undergo photolysis under

UVA irradiation [38]. From this point on, the discussion will focus

on the indirect photolysis for a more straightforward comparison

on reactive species’ contributions under different conditions.

3.1.1. Comparison of UV/H2O2 and UV/PS oxidation

Fig. 1 exhibits the degradation of DTZ treated by UV/H2O2 and

UV/PS, respectively. In both cases, the degradation of DTZ was sig-

nificant in the first 20 min, afterwards the rate of DTZ disappear-

ance slowed down. Such an auto-inhibition of the reaction has

been reported for many compounds during oxidation processes

by sulfate radical, such as diuron [23], polychlorinated biphenyls

[42], atrazine [50], methylene blue [61] and tetrabromobisphenol

A [62].

The presence of H2O2 led to the removal of 17% of DTZ after 1 h

of irradiation. The degradation could be attributed to the genera-

tion of highly oxidizing radical species, �OH. Indeed, when excess

methanol (100 mM, as �OH scavenger) was added in the solution,

the oxidation of DTZ was inhibited by more than 95%.

On the other hand, 42% of DTZ was degraded when using UV/PS

after 1 h of irradiation. The degradation of DTZ was mostly due to

the formation of sulfate radical (SO��
4 ) (Eqs. (1) and (2)), where P

represents the oxidation products.

S2O
2�
8 þ hv ! 2SO��

4 ð1Þ

DTZþ SO��
4 ! P; k0 ¼ 1:90� 109 M�1 s�1 ð2Þ

The second order rate constant for DTZ with SO��
4 was deter-

mined as (1.9 ± 0.2) � 109 M�1 s�1 by means of laser flash photoly-

sis (see Supplementary Material). For the reaction with �OH, the

value of (6.1 ± 0.1) � 108 M�1 s�1 was calculated (also in Supple-

mentary Material), which was in accordance with literature data

(ranging from 5.40 to 9.58 � 108 M�1 s�1) [33,39]. The rate con-

stant is slower than that with SO��
4 , demonstrating that using acti-

vated persulfate to generate SO��
4 could be a much more effective

way to remove DTZ. PS was much effective than H2O2 for the

removal of DTZ under solar irradiation under neutral conditions.

Similar results were also found in a previous study, the degrada-

tion rate of DTZ by UV/PS is 30% faster than that by UV/H2O2

[37]. The higher performance of PS can be attributed to its higher

light absorption in the wavelength range of simulated solar light

emission spectra. For instance, the molar extinction coefficient of

PS, e, is equal to 0.68 M�1 cm�1 at 310 nm, against 0.42 M�1 cm�1

for H2O2.

In our study, the deceleration of DTZ degradation can be attrib-

uted to the formation of oxidation products, which could affect the

reaction through two different ways. Firstly, the light-absorbing

products would compete with PS for light flux, thereby reducing

the yield of SO��
4 . Secondly, oxidation products could also compete

with DTZ for the reaction with SO��
4 . These competitive reactions

should slow down the decomposition rate of DTZ.

Pi þ SO��
4 ! Pj; ki ð3Þ

In the first stages of the reaction, if we assume that sulfate rad-

icals only react with DTZ, the rate of DTZ degradation could be

written:

�
d½DTZ�

dt
¼ I0PSU ð4Þ

where IPS is the light intensity absorbed by PS andU, is the quantum

yield of sulfate radical formation. In the course of the reaction,

when oxidation products compete with DTZ for sulfate radical,

the rate law becomes:

�
d½DTZ�

dt
¼ IPSU

k0½DTZ�

Xi

1

ki½Pi� þ k0½DTZ�

ð5Þ

where Pi are the oxidation products and ki are their reaction rate

constants with SO��
4 .

The decay of IPS has been calculated based on the UV–Vis spec-

tra of the reaction solution (detailed description in Text S7 and

result in Fig. S10, Supplementary Material). The result indicated

that after 1 h of irradiation, IPS was reduced by 20–25%. From

Fig. 4 we could know that several phenolic products were gener-

ated in the reaction. As electron-rich compounds, phenolic com-

pounds could react with sulfate radical at rates higher than that

of the mother compound, DTZ [59]. Considering Eqs. (4) and (5),

the rate of DTZ degradation should decrease when products accu-

mulate in the medium.

3.1.2. Effects of initial solution pH and initial PS concentrations

In real-world applications, pH conditions are expected to be

variable, a fixed pH is not realistic. Therefore, we assessed the

kinetic of DTZ degradation under different initial pH values (4.5–

10.5).Summarized results are presented in Table S2, Supplemen-

tary Material. Overall, the increase of pH from 4.5 to 8.5 did not
Fig. 1. Degradation of DTZ by UV, H2O2 in dark, PS in dark, UV/H2O2 and UV/PS.

([DTZ]0 = 30 mg L�1, [H2O2]0 = [PS]0 = 12 mM, initial pH = 6.5).
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affect the removal efficiency of DTZ, which remained in the range

61–63%. However, the oxidation was found to decline at pH 10.5,

as only 49% of DTZ was removed. This result is consistent with pre-

vious report where high pH values (pH 12) slowed the degradation

of DTZ by UV/PS compared with neutral and acidic conditions [37].

In addition, it is worthy to note that the solution pH in all experi-

ments decreased during the reaction process, mostly due to the

decomposition of PS and the formation of acidic species.

Solution pH might play a complex role in sulfate radical based

oxidation process on organic contaminants since it could affect

the ionization state of organic compounds as well as the formation

of reactive species (i.e. SO��
4 and �OH) [40]. Depending on the pH,

DTZ can exist in up to six different acid-base forms (Fig. S2, Supple-

mentary Material). When the solution pH is higher than 6, the form

in which three H+ are removed (No 6 in Fig. S2) is the dominant

species with a contribution larger than 90%. Although all the sam-

ples (pH ranging from 4.5 to 10.5) underwent acidification during

the reaction, for the last 3 groups (pH 6.5, 8.5 and 10.5), the reac-

tion solutions experienced a similar change of DTZ species during

the reaction. We could conclude that the speciation of DTZ was

not responsible for the inhibition of oxidation at pH 10.5.

Since the decline of DTZ removal rate could not be attributed to

the effect of pH on oxidation efficiency, the evolution of reactive

species during the reaction was taken into consideration. It has

been demonstrated that SO��
4 can yield �OH under neutral or basic

conditions (Eqs. (6) and (7)) [41,42].

SO��
4 þH2O ! SO2�

4 þ �OHþHþ k½H2O� < 2� 103 s�1 ð6Þ

SO��
4 þ OH� ! SO2�

4 þ �OH k � 6:5� 107 M�1 s�1 ð7Þ

The formation of �OH in basic conditions could partly explain

the decline of DTZ degradation, since the second order rate con-

stant of DTZ with �OH was smaller (6.1 � 108 M�1 s�1) than that

with SO��
4 (1.9 � 109 M�1 s�1) [33,39,43]. Another possible expla-

nation of the pH effect is the base-activated PS decomposition

described by Eq. (8) [24].

2S2O
2�
8 þ 4OH� ! SO��

4 þ 3SO2�
4 þ O��

2 þ 2H2O ð8Þ

The yield of SO��
4 via base-activated persulfate is much lower

than that from UV-activated persulfate (Eq. (3)) as only one SO��
4

radical is generated per 2 PS molecules. The competition of these

two reactions inevitably decreased the concentration of SO��
4 , as

well as that of �OH. Zhang et al. confirmed this reduction by deter-

mining the steady-state concentrations of SO��
4 and �OH ([SO��

4 ]ss
and [�OH]ss) by UV/PS under different pH values [44]. They found

that both [SO��
4 ]ss and [�OH]ss values were lower in basic than neu-

tral conditions. At pH 8.5, due to the relatively low concentration of

OH� (�4.2 � 10�6 M at beginning, and would continue to decrease

during the reaction), the effect of these two reactions was indis-

tinctive, which made the removal efficiency of DTZ among the

range of pH 4.5–8.5 was nearly identical.

3.1.3. Effects of solution PS dose

Table S2 lists the degradation efficiencies of 30 mg L�1 DTZ by

UV activated PS for different PS concentrations. Increasing the ini-

tial PS concentration significantly enhanced the degradation effi-

ciency of DTZ. This result suggests that higher PS concentration

yielded higher level of SO��
4 by UV activation, promoting the oxida-

tion of DTZ.

Some previous studies have reported that an increase of the ini-

tial PS concentration could not continuously ensure an increase of

the decomposition efficiency due to the scavenging of SO��
4 by

S2O8
2� (Eq. (9)), especially under acidic conditions [45–47].

S2O
2�
8 þ SO��

4 ! SO2�
4 þ S2O

��
8 ; k5 ¼ 5:5:� 105 M�1 s�1 ð9Þ

Fig. 2. Degradation of DTZ by UV/PS (A) for various pH, ([DTZ]0 = 30 mg L�1, [PS]0 = 12 mM); (B) for different initial PS doses ([DTZ]0 = 30 mg L�1, initial pH = 6.5).

Fig. 3. Degradation efficiencies of DTZ by UV/PS in the presence of different

scavengers (EtOH and TBA) molar ratios. ([DTZ]0 = 30 mg L�1, [PS]0 = 12 mM, initial

pH = 6.5, reaction time = 60 min).
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However, this inhibiting effect of PS was not observed in the present

work. Laser flash photolysis experiments were conducted (in the

absence of DTZ) to better elucidate the scavenging effect of persul-

fate anions. The decay rates of SO��
4 decay were found to be 1.7, 2.0,

1.7, 1.8, 1.7 and 1.8 � 105 s�1 at PS concentration of 6, 12, 24, 30, 36

and 44 mM, respectively. If the scavenging effect of PS played a role

in the reaction process, the decay rate should increase with the

increasing of PS concentrations. The highest PS initial concentration

used in our work did not reach the critical level to slow down the

degradation rate constant of DTZ.

3.2. Identification of oxidizing species (SO��
4 and �OH)

The DTZ loss mentioned above suggests that reactive species

were produced by PS under simulated sunlight irradiation. SO��
4

and �OH can be considered as the main oxidizing species involved

in the decomposition process of DTZ.

A better understanding of the contribution of each of these rad-

icals in the reaction was evaluated by using specific scavengers like

ethanol (EtOH) and tert-butyl alcohol (TBA) [48,49]. The bimolecu-

lar rate constants of reaction of these two scavengers with the rad-

icals are given in Eqs. (10)–(13). EtOH is a more efficient quencher

than TBA, and both alcohols quench �OH more easily than SO��
4 .

EtOHþ SO��
4 ! intermediates; k10 ¼ ð1:6� 7:7Þ � 107 M�1s�1

ð10Þ

EtOHþ �OH ! intermediates; k11 ¼ ð1:2� 2:8Þ � 109 M�1 s�1

ð11Þ

TBAþ SO��
4 ! intermediates; k12 ¼ ð4� 9:1Þ � 105 M�1 s�1 ð12Þ

TBAþ �OH ! intermediates; k13 ¼ ð3:8� 7:6Þ � 108 M�1 s�1

ð13Þ

Their inhibiting effect was measured for various [EtOH]/[DTZ]

and [TBA]/[DTZ] ratios.

Fig. 3 displays the results. Comparing the degradation efficien-

cies in the absence and in the presence of the scavengers allows

us to determine the contribution of SO��
4 and �OH in the reaction.

Postulating the quasi-stationary state for SO��
4 and �OH gives Eqs.

(14) and (15) in the case where TBA was added.

r�OH ¼ k�OH;DTZ ½�OH�½DTZ� þ k14½�OH�½TBA� ð14Þ

rSO��
4
¼ kSO��

4 ;DTZ ½SO
��
4 �½DTZ� þ k13½SO

��
4 �½TBA� ð15Þ

This allows the determination of [SO��
4 ] and [�OH] and the degra-

dation rate of DTZ can be written as:

rðDTZÞTBA ¼ k�OH;DTZ ½
�OH�½DTZ� þ kSO��

4 ;DTZ ½SO
��
4 �½DTZ�

¼
k�OH;DTZ ½DTZ�

k�OH;DTZ ½DTZ� þ k�OH;TBA½TBA�
r�OH

þ
kSO��

4 ;DTZ ½DTZ�

kSO��
4 ;DTZ ½DTZ� þ kSO��

4 ;TBA½TBA�
rSO��

4
ð16Þ

Here, we used the mean values of k12 and k13 from Eqs. (12) and

(13) to calculate the contribution of SO��
4 and �OH. For instance,

when [TBA]/[DTZ] = 100, r(DTZ)TBA is equal to:

rðDTZÞTBA ¼ 0:01r�OH þ 0:97rSO��
4

ð17Þ

At this condition ([TBA]/[DTZ] = 100), the contribution of �OH

was negligible. By comparison the degradation efficiency in the

absence of TBA with that in the presence of TBA ([TBA]/[DTZ]

= 100), we could calculate that SO��
4 plays a dominant role in the

oxidation process.

3.3. Degradation products and reaction pathways

Reaction products generated during UV-activated PS oxidation

of DTZ were identified by HPLC-MS. The identification was based

Fig. 4. Proposed oxidation pathways of DTZ by simulated sunlight activated PS. ([DTZ]0 = 30 mg L�1, [PS]0 = 12 mM, pH = 6.5, reaction time = 60 min).
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on the analysis of the total ion chromatograms (TIC) and the corre-

sponding mass spectra obtained by the positive ion electrospray

HPLC-MS. Data are provided in Table S3, and the proposed degra-

dation pathways is illustrated in Fig. 4. As seen, three pathways

take place: pathway a) is the side chain cleavage with formation

of an NH2 group, pathway b) is the deiodination-hydroxylation,

and pathway c) is the decarboxylation-hydroxylation .

As a strong oxidant, SO��
4 tends to attack electron rich sites of

the compound. For the reaction with DTZ, the initial step is

expected to be an electron-transfer from DTZ to SO��
4 , leading to

the generation of SO4
2� and the DTZ radical cation. The hydrolysis

of the radical cation produces the corresponding HO-adducts. The

ipso addition of –OH at the iodo site would result in the loss of

iodine atom, producing the phenolic products with m/z = 505 in

ES+ corresponding to [M+H]+ (Fig. 5A). Two peaks at m/z = 505

were identified in the TIC spectra, showing that the substitution

of I by OH can take place at two different iodo positions. On the

other hand, the ipso addition of –OH at the carbon site bearing

the carboxylic acid function could generate decarboxylation-

hydroxylation, as confirmed by the detection of the peak at m/

z = 587 in ES+ (Fig. 5B). These products were also formed by the

attack of �OH on DTZ, which has been reported in previous work

of Jeong et al. [39]. Afterwards, the further decarboxylation-

hydroxylation of the phenol or the deiodination-hydroxylation

process of the decarboxylated photoproduct can occur, producing

the hydroquinonic product (m/z = 477 in ES+) and the correspond-

ing quinonic product (m/z = 475 in ES+) through further oxidation.

Moreover, the product m/z = 573 in ES+ was also characterized,

corresponding to the loss of 42 mass units from the parent chem-

ical, which was labeled as the aniline product after the cleavage of

the side chain.

The UV–vis spectrum change of DTZ solution in the course of

the oxidation was also recorded (Figs. S3 and S4). As can be seen,

DTZ does not absorb radiations >350 nm. Yet, the absorbance

increased during the reaction between 300 and 500 nm, indicating

the formation of highly conjugated molecules. The absorbance

reached a maximum after around 60 min of reaction, afterwards,

it begun to decrease. Even though PS is still present in the solution,

the evolution of the reactional mixture could be at least in part

attributed to the absorption of the photoproducts absorbing above

350 nm. This absorption can potentially induce the phototransfor-

mation of long-wavelength absorbing photoproducts that visibly

disappear in Fig. 2, but might also induce or sensitized the degra-

dation of other photoproducts. Thus, the reaction of DTZ with sul-

fate radical might be the initial step of the total reaction, and the

generation of solar light-absorbing compounds being the driven

force for an extended photochemical degradation For instance,

the transformation of hydroquinone product (m/z = 477) to the

quinone product (m/z = 475) seems more like a photodegradation

pathway than a oxidation process by sulfate radical.

3.4. Impacts of natural water constituents

DOM, chloride (Cl�) and bicarbonate (HCO3
�) are ubiquitous nat-

ural water constituents. The high redox potentials of SO��
4

(E0 � 2.6 eV) and �OH (E0 � 2.7 eV) make them very reactive to

destroy organic contaminants as well as the various constituents

in natural waters, the competing side reactions with water con-

stituents other than the target contaminants could also lead to

the consumption of these two radicals, resulting in an unpre-

dictable consequence on the oxidation efficiency. Investigating

the impacts of these natural water constituents on target com-

pound will help to understand its degradation in natural waters

by AOPs.

3.4.1. Effect of DOM

The simulated sunlight activated PS induced DTZ degradation

was investigated in the presence of SRFA, a reference DOM used

in aquatic photochemistry, results are illustrated in Fig. 6.

As seen, the degradation of DTZ was almost drastically inhibited

by the addition of SRFA, and the oxidation efficiency was still

reduced by an increase in SRFA concentration, indicating a

concentration-dependent detrimental effect of SRFA on DTZ degra-

dation. The inhibiting effect of DOM on sulfate radical-based oxida-

tion had also been reported in previous studies [30,50]. DOM is

known to be a sink of �OH and SO��
4 due to some functional groups,

which were prone to react with these two radicals [50–52]. Thus,

the inhibiting effect could be explained by the competitive scav-

enging of these two radicals by DOM. Another possibility is the

light screening effect of DOM, which could strongly weaken the

radiant flux necessary for persulfate degradation.

In addition, the second-order reaction rate constant of SRFA

with �OH was reported as 2.7 � 104 L mg C�1 s�1 [53], which is

comparable to those observed for DOM in natural water samples

(the average value was 2.5 � 104 L mg C�1 s�1[54]). On the other

hand, the second-order reaction rate constant of SRFA with SO��
4

was reported as 6.8 � 103 L mg C�1 s�1 [30]. The lower reactivity

of SRFA towards SO��
4 compared with �OH was explained by the

slow H-abstraction reactions by SO��
4 [30]. Consequently, in the

presence of DOM, DTZ could be degraded more efficiently by

SO��
4 than by �OH.

Fig. 5. Proposed oxidation mechanisms of deiodination (A) and decarboxylation (B).
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DOM has been reported to be able to quench the cation radicals

of some organic contaminants, such as amino acids, anilines and

sulfonamide compounds [55,56]. In the same way, with an aniline

structure, cation radical DTZ�+, could be reduced by DOM according

Eqs. (18) and (19).

DTZþ SO��
4 ! DTZ�þ þ SO2�

4 ð18Þ

DTZ�þ þ DOM ! DTZþ DOM�þ ð19Þ

Thus, DOM could inhibit the oxidation of DTZ by UV/PS via 3

different mechanisms, including scavenging sulfate radical, light

screening effect, and reduction of the intermediates. Among them

the light screening effect was dominant, which made the decrease

of removal efficiency of DTZ not proportional to the concentrations

of SRFA.

3.4.2. Effect of chloride

Chloride ion might play a complex role in SO��
4 based oxidation

process due to the scavenging of SO��
4 and �OH to generate less reac-

tive chlorine species such as Cl�, ClOH��, and Cl
��
2 [29,57,58]. As

shown in Fig. 7, the effect of chloride ions on the degradation of

DTZ at chloride concentrations ranging from 0 to 100 mMwas very

poor. However, when 500 mM Cl� was added in, DTZ degradation

was inhibited.

Eqs. (20) and (21) show the possible sinks for SO��
4 and �OH,

although the reaction rate of SO��
4 and �OH are very high, there

are also fast backward reactions. At low chloride concentration

(1–100 mM), the scavenging effect of SO��
4 by Cl� was weak, mainly

due to the backward reaction. However, high concentration of Cl�

(e.g., >300 mM) could favour the forward reaction of Eq. (20), lead-

ing to the consumption of sulfate radicals [56]. Thus, the inhibiting

effect at 500 mM chloride concentration could be attributed to the

scavenging of sulfate radicals by Cl� to generate the less reactive

species. The scavenging of SO��
4 by Cl� has already been studied

by our laboratory, Cl
��
2 was found to be the main secondary radical

[60].

Cl
�
þ SO��

4 $ Cl
�
þ SO2�

4 ; kf ¼ 4:3�108 M�1 s�1
; kr ¼ 2:5�108 M�1 s�1

ð20Þ

Cl
�
þ �OH$ ClOH

��
; kf ¼ 4:3� 109 M�1 s�1

; kr ¼ 6:1�109 M�1 s�1

ð21Þ

ClOH
��
þHþ ! Cl

�
þH2O; k ¼ 2:1� 1010 M�1 s�1 ð22Þ

Cl
�
þ Cl

�
! Cl

��
2 ; k ¼ 8� 109 M�1 s�1 ð23Þ

2Cl
��
2 ! Cl2 þ 2Cl

�
; k ¼ 1:3� 109 M�1 s�1 ð24Þ

3.4.3. Effect of bicarbonate

The impact of bicarbonate (concentration ranging from 0 to

40 mM) was also investigated in the present study at pH 8.2 (cor-

responding to 98% in the form HCO3
�), and the results are displayed

in Fig. 8. The presence of HCO3
� induced promoting effect on simu-

lated sunlight activated PS oxidation of DTZ, while the continuous

increase of bicarbonate concentration did not lead to a rising trend

of DTZ degradation efficiency. This result was unexpected and

interesting, since bicarbonate generally played a negative role in

AOPs due to the quenching ability of SO��
4 and �OH to form less

reactive carbonate radicals (HCO��
3 and CO��

3 ) [57]. Actually CO��
3

Fig. 7. Decomposition of DTZ by simulated sunlight activated PS in the presence of

chloride. ([DTZ]0 = 30 mg L�1, [PS]0 = 12 mM, initial pH = 6.5, reaction

time = 60 min).

Fig. 6. Decomposition of DTZ by simulated sunlight activated PS in the presence of

SRFA. ([DTZ]0 = 30 mg L�1, [PS]0 = 12 mM, initial pH = 6.5, reaction time = 60 min).

Fig. 8. Degradation efficiencies of DTZ by simulated sunlight activated PS in the

presence of bicarbonate. ([DTZ]0 = 30 mg L�1, [PS]0 = 12 mM, pH = 8.2, reaction

time = 60 min, 10 mM Na2HPO4 and NaH2PO4 solutions were used to buffer the

solutions).
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could react with electron-rich compounds such as phenols and ani-

lines at a fairly high rate [59].

HCO�
3 þ SO��

4 ! Hþ þ CO��
3 þ SO2�

4 ; k ¼ 2:8� 106 M�1 s�1 ð25Þ

HCO�
3 þ �OH ! H2Oþ CO��

3 ; k ¼ 8:6� 106 M�1 s�1 ð26Þ

In this study, the promoting effect of bicarbonate might be

explained by the reaction between carbonate radical and DTZ.

The second order rate constant of this reaction was detected as

5.4 � 107 M�1 s�1, which was less than that with SO��
4 and �OH.

Since the concentration of bicarbonate was higher and CO��
3 less

reactive, a higher steady-state concentration of CO��
3 was expected

[44]. This counterbalanced the decrease level of SO��
4 and �OH due

to carbonate scavenging and manifested a promoting effect on

DTZ oxidation.

4. Conclusions

The present work shows that simulated sunlight could activate

persulfate to produce SO��
4 and induce the effective degradation of

DTZ across a wide range of pH conditions (i.e. 4.5–8.5). Photo-

activated PS was found to be more efficient as oxidant than

H2O2. Sulfate radicals (SO��
4 ) was found to be the dominant reactive

species in the oxidation process, while, �OH, was of less impor-

tance. The degradation was enhanced by the increasing of PS levels.

The oxidation pathways included deiodination-hydroxylation,

decarboxylation- hydroxylation and side chain cleavage. The initial

step of DTZ degradation is the attack of SO��
4 , while the light-

absorbing intermediates generated could take over. These observa-

tions highlight the formation of light-absorbing intermediate prod-

ucts and their involvement in the fate of ICMs in AOPs process.

In addition, DOM showed a detrimental effect on DTZ degrada-

tion while, a slight increase of DTZ decomposition was obtained in

the presence of bicarbonate. Moreover, high concentration chloride

inhibited the removal of DTZ. Our findings have potential environ-

mental implications. For example, sulfate radical could react with

naturally occurring constituents, such as bicarbonate and chloride

and dissolved organic matter to form other types of reactive spe-

cies. DOM is known as a sink of �OH and SO��
4 , however, �OH and

SO��
4 differ considerably in their reaction rates with DOM, �OH

reacts more quickly with DOM than SO��
4 . Thus, in natural waters

(contained DOM), AOPs based on sulfate radicals seems more effi-

cient than those based on hydroxyl radicals. However, this depends

on the structure of target substrates. DOM could reduce the cation

radicals of some contaminants to inhibit the oxidation, like ani-

lines. Further studies should better consider the role of secondary

reactive species (including light-absorbing intermediates) and the

influence of naturally occurring constituents in natural waters.
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