N

N

Hydroxyl and sulfate radical-based oxidation of RhB dye
in UV/H202 and UV /persulfate systems: Kinetics,
mechanisms, and comparison
Xinxin Ding, Leonardo Gutierrez, Jean-Philippe Croué, Minrui Li, Lijun

Wang, Yuru Wang

» To cite this version:

Xinxin Ding, Leonardo Gutierrez, Jean-Philippe Croué, Minrui Li, Lijun Wang, et al.. Hydroxyl and
sulfate radical-based oxidation of RhB dye in UV/H202 and UV /persulfate systems: Kinetics, mech-
anisms, and comparison. Chemosphere, 2020, 253, pp.126655. 10.1016/j.chemosphere.2020.126655 .
hal-03490270

HAL Id: hal-03490270
https://hal.science/hal-03490270
Submitted on 20 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-03490270
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0045653520308481
Manuscript_48ae3eff3572245df5b6dee617876757

[y

N o v b~ oW

0o

10
11
12

13

14
15

16
17
18

Hydroxyl and sulfate radical-based oxidation of RhB dye in UV/H20: and

UV/persulfate systems: Kinetics, mechanisms, and comparison

Xinxin Ding ?, Leonardo Gutierrez °, Jean-Philippe Croue *,

Minrui Li ?, Lijun Wang?, Yuru Wang **
? Department of Environmental Science, School of Geography and Tourism, Shaanxi
Normal University, Xi’an 710119, China
b Facultad del Mar y Medio Ambiente, Universidad del Pacifico, Ecuador
¢ Institut de Chimie des Milieux et des Matériaux IC2MP UMR 7285 CNRS,

Université de Poitiers, France

*: Corresponding authors
E-mail address: jean.philippe.croue @univ-poitiers.fr; wangyuru @snnu.edu.cn

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0045653520308481
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0045653520308481

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Abstract

The degradation kinetics and mechanisms of Rhodamine B (RhB) dye by *OH and SO4" based
advanced oxidation processes were investigated. The *OH and SO4™ radicals were generated by
UV photolysis of hydrogen peroxide and persulfate (i.e., UV/H>O, and UV/PS), respectively. The
effects of initial solution pH, RhB concentration, oxidant dosage, Fe?* concentration, and water
matrices were examined. The results showed that the degradation of RhB followed
pseudo-first-order kinetics in both processes, with the UV/H,O, process exhibiting better
performance than that of the UV/PS process. Acidic conditions were favorable to the degradation
of RhB in both systems. Increasing the oxidant dosage or decreasing the contaminant
concentration could enhance the degradation of RhB. Photo-Fenton-like processes accelerated the
performance when Fe?* was added into both systems. The removal efficiency of RhB was
inhibited upon the addition of Humic Substances. The addition of Cl- displayed no significant
effect and promoted RhB degradation in UV/H2O; and UV/PS systems, respectively. The presence
of NO;™ promoted RhB degradation, while H,PO4™ and C,04> showed an inhibitory effect on both
UV/H;0, and UV/PS processes. Radical scavenging tests revealed the dominant role of SO4~
radicals in the UV/PS system. Furthermore, the evolution of low molecular weight organic acids
and NHy4* during the degradation of RhB in these two processes were compared. Both UV/H,0»
and UV/PS systems led to similar formation trends of NH4* and some ring-opening products (e.g.,
formic acid, acetic acid, and oxalic acid), suggesting some analogies in the decay pathways of

RhB by "OH and SO4"-induced oxidation processes.

Keywords: Hydroxyl radical, Sulfate radical, UV/H>O,, UV/PS, Rhodamine B
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1. Introduction

Dyes are mainly aromatic and heterocyclic compounds with stable structures incorporating
color-display and polar groups, widely used in textile, plastic, cosmetics, medicine, food, and
other industries (GilPavas et al., 2019). Briefly, more than 1.28x10° tons of commercial dyes were
produced world-wide in 2018 (Zhou et al., 2019). Remarkably, approximately 5-15% of the dyes
are released into the environment during their production and dyeing processes; thus, leading to
the generation of wastewater with dye concentrations varying from 5 to 1500 mg/L (Dong et al.,
2010; Kim et al., 2015). These organic pollutants can disrupt photosynthesis, inhibit the growth of
aquatic biota, and pose considerable health risks to human skin, eyes, gastrointestinal, and
respiratory systems (Dong et al., 2010; Wang and Chu, 2011; Su et al., 2013). Consequently,
dye-containing effluents discharged into the environment without proper treatment can have major
negative impacts on both aquatic ecosystems and human health. Besides, dyes are generally
resistant to light, aerobic digestion, and other conventional treatment processes due to their
complex structures (Xu and Li, 2010; GilPavas et al., 2019; Masi et al., 2019). Therefore, the
development of efficient and economical technologies for the degradation of dye contaminants
from wastewater before discharge is of critical importance.

Recently, UV-based Advanced Oxidation Processes (AOPs) have drawn increasing scientific
attention for degrading various types of refractory organic pollutants in water (Wang et al., 2017;
Nihemaiti et al., 2018; Liu et al., 2020). Particularly, the UV/H20, process is an attractive option
for the production of non-selective and highly reactive "OH radical (Eo= 1.8 -2.7 V), which

displays a second-order rate constant with numerous contaminants at a near diffusion-controlled
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rate (k=10'" M''S!) (Buxton et al., 1988; Keen and Linden, 2013). Besides, persulfate (PS) has
also emerged as an alternative oxidant due to its capacity to generate sulfate radical (SO4™) under
UV irradiation (i.e., UV/PS). SO4™is a strong oxidant (Eg = 2.5 - 3.1 V) with an oxidizing ability
comparable to ‘OH; however, showing higher selectivity and longer half-life than "OH (Neta et al.,
1988; Rao et al., 2019). Compared to H>O,, the advantages of persulfate as a radical
precursor include: relative stability in solid-state, high aqueous solubility, and high stability at
ambient environments, which facilitate its transport, storage, and usage (Zhang et al., 2014).
Therefore, SO4~ has also been increasingly tested in the removal of bio-recalcitrant organic
pollutants (Zhang et al., 2013; Khan et al., 2017). Both UV/H,0O, and UV/PS processes have
demonstrated their effectiveness at degrading a wide range of organic pollutants, including
antibiotics, iodinated X-rays contrast media, and other PPCPs (Nihemaiti et al., 2018; Zhao et al.,
2019; Liu et al., 2020).

Rhodamine B (RhB) is a water-soluble xanthene dye mainly used as an additive in food stuffs;
however, it was banned in many countries due to its toxicity and carcinogenicity. The toxicity of
RhB has been well documented in the literature (Nestmann et al., 1979). Nevertheless, RhB is still
extensively applied as a colorant in textile dyeing, resulting in the production of large amounts of
RhB-containing effluents. Due to its high solubility and color rendering, water containing RhB,
even at low concentrations, can significantly impact the quality of surface water and disrupt the
photosynthesis of aquatic organisms (Su et al., 2013). Various UV-based AOPs have been
investigated for the effectiveness of RhB degradation. Zhang et al. (2020) reported that
approximately 90% of RhB removal was obtained in a UV enhanced electro-Fenton process where

*OH radical was found as the dominant radical species. Chen et al. (2012) revealed the good
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degradation efficiency of RhB dye in a SO4"-based UV/PS process and evaluated the influence of

some factors (e.g., oxidant dose and water matrix) on the degradation kinetics. Previous studies

indicated that the UV/PS process degraded organics more efficiently in buffered pure water than

that of the UV/H»O, process, while the process performance was significantly reduced when

applied to wastewater effluent due to the higher sensitivity and selectivity of SO4™ radical toward

water matrix and organics compared with "OH radical (Nihemaiti et al., 2018), suggesting the

significant role of water matrix and compound property on the performance of these two

UV-AOPs. However, to the best of our knowledge, there are no previous studies systematically

comparing hydroxyl and sulfate radical-based AOPs for the removal of RhB dye in water. Besides,

the decay pathways regarding the aromatic intermediates during the degradation of RhB by

hydroxyl and sulfate radical oxidation have been proposed in previous studies (He et al., 2009; Hu

et al., 2017; Rasheed et al., 2018). Nevertheless, limited information is available focusing on the

evolution of low molecular weight (LMW) carboxylic acids upon the ring-opening of aromatic

byproducts of RhB, which are usually more refractory towards further mineralization.

Therefore, the efficiency and degradation kinetics of UV/H,O, and UV/PS processes to

degrade RhB in synthetic wastewater were investigated and compared in this study. The influence

of some important experimental parameters (e.g., initial solution pH, oxidant dosage, and the

presence of oxidant activator) and solution chemistry (e.g., inorganic ions and dissolved organic

matter) on the efficiency of these oxidation processes was evaluated. Radical scavenging

experiments were conducted to identify the dominant radical species responsible for the RhB

decay. Furthermore, the evolution of some LMW organic intermediates (e.g., carboxylic acids)

and inorganic ions produced upon the degradation of RhB was examined, and the possible
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degradation mechanism was accordingly proposed. The current investigation will highly assist in
better understanding the oxidation of RhB by UV/H,0, and UV/PS processes for the successful
implementation of these technologies in the treatment of dye-contaminated wastewaters.
2. Materials and methods
2.1. Chemical reagents

All chemical reagents were of analytical grade and used as received without further
purification. Potassium persulfate (k2S>0s, >99%), methanol (CH3OH, 99.9%), and tert-butanol
(C4H 100, 99%) were purchased from Sigma-Aldrich. Rhodamine B (C2sH31CIN2O3), hydrogen
peroxide (H20», 30%), nitrobenzene (NB), benzoic acid (BA), sodium thiosulfate (Na»S»03),
potassium chloride (KC1), ferrous sulfate heptahydrate (Fe2SO4-7H20), sodium oxalate (C2NaxOs,
99.8%), potassium dihydrogen phosphate (K;HPOj4), and sodium nitrate (NaNO3) were provided
by Sinopharm Chemical Reagent Co., Ltd. (China). The humic substances (hydrophobic acid
fraction, i.e., DOM adsorbed onto XAD-8® resin at acid pH and recovered by caustic desorption)
used in this study were previously extracted from Suwannee River water (USA). Ultrapure water
(conductivity of 18.25 M Q-cm) used in the experiments was obtained from the Cascada™
BIO water purification system (Pall Corporation, United Kingdom).
2.2. Experimental procedures

The irradiation experiments were performed in quartz tubes under continuous stirring and
temperature control (20+2°C) with a photochemical reaction apparatus (BL-GHX-V, Shanghai
Bilang Instrument Co., Ltd., China), equipped with a 300 W medium-pressure ultraviolet mercury
lamp (Amax = 365 nm) provided by the same manufacturer as the UV light source. Eight tubular

quartz reactors were evenly distributed in a circle centered around the lamp with a radius of 9.5



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

cm. The schematic illustration of the experimental setup and the irradiation spectrum of the light
source are provided in Figs. S1 and S2 in the Supplementary Information (SI) , respectively. The
average UV fluence rate (Ep®) entering the solution was determined as 2.67 mW/cm? by
iodide/iodate chemical actinometry (Bolton et al., 2011). The final applied fluence was 2060
mJ/cm?, unless otherwise stated. The photochemical reactor and temperature control system were
turned on at least 20 min in advance to ensure stable conditions at the start of the experiments.

The degradation kinetics of RhB in the UV/H,O, or UV/PS process were investigated by
sequentially spiking a specific amount of RhB, H,O», or PS stock solution in ultrapure water. The
initial pH of the solution was adjusted with sulfuric acid (0.1 M) and sodium hydroxide (0.1 M).
No buffer solution was used in this study to avoid potential reactions between the radicals and
buffer solution. The reaction was initiated by adding a specific amount of H,O» or PS into the
aqueous solution containing the probe contaminant while simultaneously subjected to UV
irradiation. The reaction volume of the solutions was set at 50 mL. The samples were collected at
predetermined time intervals and immediately quenched by adding sodium thiosulfate in excess.
There is some uncertainty in the literature regarding the effectiveness of sulfur-based reductants
(e.g., bisulfite and thiosulfate) as a quencher of H,O, as reported by Wang et al. (2019).
Nevertheless, preliminary experiments conducted at pH from 2 to 11 demonstrated the
insignificance of H>O, or PS alone for the RhB degradation (Fig. S3). Thus, the potential effect of
any residual oxidant on the decay result of RhB should be negligible. The collected samples were
filtered through a 0.45 um membrane before analysis with High-Performance Liquid
Chromatography (HPLC).

2.3. Analytical methods
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The residual concentrations of RhB, NB, and BA were determined using a Dianex UltiMate

3000 HPLC system measuring the absorbance at 554, 270, and 230 nm, respectively. The

separation was performed on a Pinnacle II C18 column (250 mm X 4.6 mm with i.d. of 5 pum,

Restek). The mobile phase consisted of 60% acetonitrile and 40% water (V/V), while the flow rate

was set at 1.0 mL/min. The separation of LMW organic acids and ammonia was conducted by a

Dionex IC-1500 Ion Chromatography interfaced with a Dionex DS6 Conductivity Detector. A

Dionex IonPac AS19 column (4 mm x 250 mm) with its respective guard column (IonPac AG19,

4 mm x50 mm) was used for the separation of LMW organic acids with a KOH gradient elution

(conditioning: 5 min at 1 mM; elution: 28 min at 18 mM to 35 mM, rinsing: 5 min at 1 mM) at a

flow rate of 1.0 mL/min. For ammonia analysis, a Dionex IonPac CG12A guard column (4 mm X

50 mm) connected to an IonPac CS12A analytical column (4 mm x 250 mm) was used; while

eluted by 20 mM methanesulfonic acid at a flow rate of 1.0 mL/min. The Total Organic Carbon

(TOC) content of the samples was determined using a TOC-LCPH analyzer (Shimadzu, Japan)

through catalytic combustion oxidation at 680°C and analysis with a non-dispersive infrared

detector.

3. Results and discussion

3.1. RhB degradation kinetics in different oxidation systems

The degradation of RhB in different oxidation systems including H>O, alone, PS alone, UV

irradiation, UV/H,0,, and UV/PS at neutral solution pH was investigated and compared. The

degradation of RhB by H>O, or PS alone was negligible, indicating that in the absence of

activation these two oxidants are ineffective toward RhB at neutral pH (Fig.1). Under

UV irradiation, the removal of RhB reached 45% after 6 minutes of exposure. An enhanced
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degradation was observed when UV irradiation was conducted in the presence of H,O» or PS due
to the expected generation of "OH and/or SO4™ radicals. Remarkably, UV/H>0, was more efficient
than UV/PS for the removal of RhB. Only 2 minutes and 4 minutes of irradiation were necessary
to decrease the concentration of RhB by 50% for UV/H,O, and UV/PS process, respectively (Fig.
la). After 15 min, approximately 96% and 87% of RhB were removed by the UV/H>O; and
UV/PS processes, respectively. The reactions followed pseudo-first-order kinetics (R?>0.97) (Fig.
1b) The experimental rate constants (k,ps) derived from the slope of In(C/Cp) versus time were
0.080, 0.150, and 0.219 min™! for UV, UV/PS, and UV/H,0, respectively.
3.2. Effect of initial solution pH on the degradation kinetics

The influence of initial solution pH ranging from 2 to 11 on RhB degradation in UV/H,0,
and UV/PS systems was investigated (Fig. S4, SI). For all pH conditions, the reaction in the two
systems followed pseudo-first-order kinetics (R>>0.98). The decay rate constant (kobs) of RhB in
both UV-based AOP systems significantly decreased with increasing pH (i.e., from pH 2 to 7);
however, kobs remained approximately constant from pH 7 to 11 (Fig. 2).

This general pH trend on the degradation of RhB by AOPs was previously observed by others,
i.e., UV/H2O» (Daneshvar et al., 2008), UV/S;0s% (Chen et al., 2012), Ozone/H,O, (Bai et al.,
2011). The decrease in the process efficiency with increasing pH was also demonstrated for other
molecules e.g., ofloxacin, levofloxacin, and thiamphenicol with UV/H2O, or UV/PS (Wang et al.,
2017; Liu et al., 2020). All these studies attributed this result, to a large extent, to the higher
production of radicals under acidic pH conditions and the scavenging and competing reactions
occurring at more alkaline pH. The role of hydroxyl ions in the complex propagation and

termination radical reaction mechanisms influencing the stability and reactivity of the produced
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radical species have been well described in the above-listed publications and review articles (Stefan,
2017). The competing reactions with the formed by-products and the radical scavenging effect of
carbonate species (bicarbonate and carbonate ions) at neutral and alkaline pHs produced from the
degradation of the target compound (Criquet and Leitner, 2009) or possibly introduced from
enhanced dissolution from atmospheric CO, are also of significant importance (Baeza and Knappe,
2011). The impact of carbonate species on the performance of UV/H20O, and UV/PS treatment
processes for contaminant degradation has been well documented (Wang et al., 2017; Nihemaiti et

al., 2018).

It is also accepted that the change in molar absorptivity and quantum yield with the pH of the
targeted compound can have a significant impact on the pseudo-first-order rate constant (Shen and
Lin, 2003). Baeza and Knappe (2011) have noted that the impact of the pH on the UV/H,0> AOP
efficiency varied depending on the presence of either the neutral or the charged form (anionic or
cationic) of the molecule (i.e., as a function of pK,), which significantly influenced the direct
photolysis rate constant but had little effect on the hydroxyl radical oxidation rate. RhB is
characterized by a pK, value of 3.1 (Arbeloa and Ojeda, 1982) or 3.7 (Wang et al., 2014).
Increasing the pH from 2 to 4 implies a change in the molecular conformation of RhB from its
cationic form to its neutral/zwitterion form, a change that can possibly influence the degradation
efficiency of both AOPs. The direct photolysis rate of RhB (k = 0.080 min™!' at pH 7), which
contributes to a large part of the degradation of the molecule, should not differ above pH 4. No
significant change of the kos was noted from pH 7 to 11, which suggests a relatively constant

contribution of the radical species to the degradation of RhB.
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Results depicted in Fig.2 showed similar kqbs of RhB for the two AOPs at acid pH (pH<7) and
high alkaline pH (pH 11). This similarity was not observed in the previous referred studies. At acid
pH, "OH and SO4™ radicals are predominant in the UV/H>O, and UV/PS treatment processes,
respectively. At very high pH 11, the reaction between SO~ and OH- becomes significant,
converting most of SO4" radicals to “OH radicals (Fang et al., 2012). At pH 11, the RhB solution
was subjected to "OH radical attack only in both AOP conditions. At a solution pH ranging from 7
to 9, SO4™ and "OH radicals were simultaneously present in the system; for this pH condition the
pseudo-first-order rate constant determined under UV/H,0O, treatment was systematically higher
than the one obtained for the UV/PS process. The nature and/or the relative abundance of the
formed by-products in this pH range may differ from the two AOPs and control the degradation
rate of RhB.

3.3. Effect of the initial RhB concentration and oxidant dose

The degradation efficiency of RhB at pH 7 decreased with increasing initial RhB
concentration in both UV/H,0O, and UV/PS systems after 15 min reaction time (Fig.3a). At
concentrations of 2.5, 5, 10, and 20 uM, the degradation efficiencies in the UV/H2O; system were
98.8%, 98.7%, 95.6%, and 65.3%; and 100%, 98.3%, 86.7%, and 59.0% in the UV/PS system,
respectively. In the UV/H;O; system, the pseudo-first-order reaction constant kops (R? >0.98)
gradually decreased from 0.555 to 0.106 min™!' as the RhB concentration increased from 2.5 to 20
uM; while in the UV/PS system, the kobs decreased from 0.841 to 0.085 min’!, respectively. The
decrease of kops With increasing RhB concentration can be explained as follows.

Firstly, RhB exhibits two main absorption peaks at 259 nm and 554 nm. The absorption of
RhB at the UV region can hinder the efficiency of the UV-based AOPs by reducing the amount of

11
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applied fluence. In this study, an increase in RhB concentration from 2.5 to 20 uM led to an

increase of UV absorbance at 254 and 365 nm from 0.165 to 0.497 and 0.066 to 0.163,

respectively, which significantly enhanced its inner filter effect and resulted in a decrease in the

corresponding applied fluence by 38.9% and 15.1%, respectively. Consequently, the available UV

fluence for activating H»O, and PS for *OH and SO4" production was remarkably reduced; thus,

decreasing the amount of *OH and/or SO4™ available to react with the target compound. Secondly,

the byproducts generated in solution at high RhB dose also compete with their mother compound

for *OH and SO4™ consumption and in turn decrease the overall RhB decay (Wang and Chu, 2011).

These results are consistent with previous observations by Rehman et al. (2018) and Isari et al.

(2018), indicating that the initial concentration of the contaminant is an important

factor affecting its degradation rate.

As the precursor of active radicals, the concentrations of HO, and PS play a decisive role in

the overall degradation efficiency of the UV/H,O,and UV/PS processes (Fig. S5, SI).

Experimental results showed that increasing the H>O» concentration from 10 to 200 puM, led to a

considerable enhancement in the removal of RhB in the UV/H,0, system (i.e., from 63% to

almost 99% after 10 min treatment), resulting in a significant increase in the corresponding decay

rate constant (i.e., from 0.101 to 0.408 min! in Fig. 3b). Similar results were obtained with the

UV/PS system. However, a large excess of H,O» might induce enhanced scavenging effect by

reacting with *OH to produce less reactive species (conditions not studied in the current research),

which in turn would decrease the degradation rate of the target contaminant (Eqs. 1 and 2)

(Christensen et al., 1982; Pouran et al., 2015; Wang et al., 2017; Tian et al., 2019). Similarly, an

over-dosage of PS in the system can also inhibit the process efficiency because the side reactions

12
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between PS and the generated SO4*/°OH radicals to generate S>Os™ (Egs. 3 and 4) become more

substantial, while S>Os™ is less reactive than SO4™; thus, inducing a quenching effect (Liang and

Su, 2009).

H>0> + ‘*OH — HO>' + H,O k=2.7%x10" M'!S! (1)
HO>' +'OH — 0>+ HxO k=6.6x10° M!S 2)
SO4™ + S208% — S$208™ + SO4* k=6.1x10° M!S 3)
"OH + S;08% — S,05™ + OH k=12x10" M'!S! 4)

3.4. The multi-role of Fe** as an oxidant activator

The influence of Fe?* as a transition metal activator of H,O, and PS on the degradation of
RhB in H»O,, PS, UV/H20,, and UV/PS systems was investigated (Fig. S6, SI). The initial
solution pH was adjusted as 3 to avoid the oxidation of Fe** into Fe** and its subsequent
precipitation. The calculated kops increased with increasing Fe>* concentration for all conditions
studied (Fig. 4). The addition of 100 uM Fe?* as the activator of H,O: (i.e., Fenton reagent) and
PS (i.e., Fenton-like reagent), increased the kobs from O to 0.215 min'! and 0.072 min™!, respectively.
The efficiency of Fenton and Fenton-like reagents for the degradation of organic contaminants has
been previously well described in the literature (Chamarro et al., 2001; Xu and Li, 2010).

In the UV/H;O; system, the addition of 100 uM Fe?* (i.e., causing the formation of a
photo-Fenton system) led to an increase in the removal of RhB from 78.1% to 99.4% in 3 min;
whereby the decay rate constant significantly increased by 4-fold (i.e., from 0.421 to 1.699 min™").
Compared to the UV/H,O: process, the substantial improvement in the process efficiency as a
result of the formation photo-Fenton system can be attributed to the additional production of *OH
radicals in two ways. One way involves the favorable *OH radical generation by the Fe?*-activated

13
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decomposition of H>O» (Eq. 5). Another way providing an additional formation of *OH radicals is
due to the photoreduction of hydroxylated Fe** ions or ferrihydroxalate (Fe(OH)**) (Eq. 6), which
can simultaneously regenerate Fe?* ions and in turn further promote the process performance
(Pouran et al., 2015). For the UV/PS system, when the concentration of Fe?* in solution was
increased to 100 uM, the target pollutant was almost completely degraded (>99%) within 3 min,
while the RhB removal in the UV/PS process without Fe?* ions was only 71%. Accordingly,
the decay rate constant kops significantly increased from 0.366 to 1.617 min! as dosing Fe>* ions
from O to 100 uM into the system. This result indicated that the addition of Fe** to the
UV/PS system remarkably enhanced the degradation efficiency of contaminants by developing
a Photo-Fenton-like oxidation system. Briefly, Fe** reacted with S;0s> to produce more SO4™ in
the UV/PS system (Eq. 7) (Liang et al., 2008). Subsequently, the formed Fe3* ions led to the
generation of Fe(OH)** which further photolyzed into ‘OH radicals and Fe?*
ions; thus, accelerating the degradation of RhB (Liang et al, 2008). Compared to the
traditional Fenton reaction or the uv activated H,0, or PS system,

the Photo-Fenton-like oxidation system could significantly improve the degradation efficiency of

pollutants.

Fe* + H,0,+ hv — Fe** + "OH + HO (5)
Fe(OH)** + hv — Fe?* + "OH A <580 nm ©6)
Fe?* + S,08>— SO4% + Fe3* + SO4™ k=2.0x10! M!S! @)

3.5. Effect of the water matrix on the degradation of RhB
CI', HoPOy4, NOs, and C,04* are ubiquitously present in natural water and wastewaters. They
can exert varying influence on the UV-based AOPs by either acting as a radical scavenger or
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inducing photochemical effect. Thus, the RhB degradation in the presence of CI', H,PO4, C2047,
or NOs in both UV/H,0O, and UV/PS systems was investigated and compared (Fig. 5a-c). The
concentration of chloride in natural water systems varies from around 1 to several mM. In some
surface waters, it may reach > 20 mM (Magazinovic et al., 2004). Accordingly, 10 mM chloride
was selected to investigate the effect of chloride on the process performance, while the impact of
other ions was conducted under the same conditions for comparison. The addition of
CI exerted negligible impact on the UV/HO» system, as predicted from by Eqs. 8 and 9 (Atinault
et al., 2008). There were some CIHO™ formed by the reaction of Cl- and ‘OH; however,
subsequently transformed back to "OH. Thus, the whole system was relatively stable. The addition
of CI' slightly accelerated the oxidation of RhB in the UV/PS system. A similar observation was
reported by Huang et al. (2017), who showed that above 5 mM, chloride ions improved the
degradation of RhB in a sulfate radical-based oxidation system. Nevertheless, an inhibitory effect
at a lower chloride dosage of 0-5 mM was observed. Generally, the presence of chloride ions
induces dual impact depending on the CI- concentration and the type of substrate. A low level, CI
mainly leads to a scavenging effect by reacting with SO4™ to form less reactive chlorine radicals
(e.g., CI'). Interestingly, the enhanced formation of reactive chlorine species (e.g., Cl>™ and HCIO)
at higher chloride dosage can compensate the consumption of SO4™ and even increase the process
efficiency. When H,PO, and C,04* were introduced into the solution, the degradation of RhB
was negatively affected in both systems. This observation could be attributed to the formation of
*HoPO4 and *C2047, which showed a relatively weak reactivity towards contaminants and a certain
quenching effect on *OH and SO4™ radicals (Grgic et al., 2007; Xu and Li, 2010). Specifically, the
reactivity of *OH and SO, with H,PO4 was 2.0x10*and 7.2x10* M-'s!, respectively, while their
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respective reaction rate constants with C204> were (5.32£0.3)x10° and (1.320.1)x107 M!s”! (Getoff
et al., 1971; Neta et al., 1988; Grgic et al., 2007; Grebel et al., 2010). Thus, the performance of
both UV/H,0O, and UV/PS systems was significantly reduced by the addition of C>O4 ions
compared to that of HoPO4 ions. Meanwhile, C2,O4 exhibited a stronger inhibition for the UV/PS
process than that of the UV/H,0, process due to its higher reactivity towards sulfate radicals. RhB
removal efficiency was substantially increased in the presence of NO3™ ions and the observed rate
constant of RhB decay in the UV/H,O, and UV/PS systems was 1.6 and 2.2-fold of that control
tests (Fig. 5c), respectively. This significant performance enhancement resulted from the
formation of additional reactive species via the NO;3™ photolysis (Egs. 10-12). The main pathway
of UV irradiation of NOjs™ ions yields hydroxyl radicals which benefit the process efficiency for
the UV-based AOPs (Shankar et al., 2007; Boucheloukh et al., 2012). Other studies have also
reported the promoting effect of NO3™ ions on the UV-based systems (Rao et al., 2016). However,
NO; formation by UV irradiation of NO3; might be of concern for nitrate-rich waters in the

present of DOM (Semitsoglou-Tsiapou et al., 2016).

CI' + *OH — CIHO" k=43x10° M'S"! (8)
CIHO" — CI + "OH k=6.1x10° M!S 9)
NOs™ + hv — [NOs]* — OONO- (10)
[NOs1* — NO» + O (p) (11)
[NOs]* — NOy + 0~ 0 8% - NO, +"OH + OH- (12)

Dissolved Organic Matter (DOM), such as Humic Substances (HS), is known to affect the

behavior of organic pollutants in the environment and engineering processes. It can induce a

significant influence on the performance of UV-based AOPs process by playing multiple roles.
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The presence of highly reactive aromatic moieties within the DOM decreases the effective UV
fluence by acting as UV inner filter and consuming radical species (e.g., the rate constants of
keomnom and ksos”wom are 2.23x10% and 6.0x10° M!s’!, respectively) (Westerhoff et al., 2007;
Zhang et al., 2019); thus, ultimately inhibiting the degradation of contaminants. Therefore,
RhB degradation in UV/H>O, and UV/PS systems was investigated in the presence of the
hydrophobic acid fraction isolated from the Suwannee River (HPOA-SWR). Fig. 5d illustrates the
pseudo-first-order kinetics of the reaction. The presence of HPOA-SWR significantly decreased
the kos of RhB decay in the two systems, displaying an exponential decrease in Kops
with increasing HPOA-SWR concentration. Specifically, when the concentration
of DOM increased from 0 to 10 mg-C/L, the ks decreased by ~73% in both systems, and the
removal of RhB decreased from 95.6% to 54% and from 86.7% to46% in UV/H2O; and
UV/PS systems, respectively. The current experimental results demonstrated that the inhibitory
effect of background DOM in the water matrix should be of special concern for the UV-based
AOPs.
3.6. Predominant radicals in the oxidation systems

As common free radical scavengers, methanol (MeOH) can react with both “OH and SO4~
radicals at high rate constants (k.omwmeon = 9.7x10¥ M's™! and ksosesmeon = 1.1x107 M1s1)
(Buxton et al., 1988; Neta et al., 1988); thus, effectively quenching these two radicals. Tert-butyl
alcohol (TBA) exhibited a higher reaction rate with *OH (k.omrsa = (3.8-7.6)x108 M-'S!), which
was considerably higher than that with SO4™ (kso4.- /rBa = (4.0-9.1)x10 3 M'S-") (Anipsitakis and
Dionysiou, 2004). Consequently, for processes involving the contribution of both “OH and SO4™
radicals, TBA could selectively capture ‘OH to inhibit the oxidation reaction and thereby the
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specific role of *OH and SO4™ can be distinguished based on the different decay efficiencies. In the

UV/PS process, two main reactive radicals were generated: SO4~ and *OH, both participating in

the reaction. To identify the predominant radicals in the UV/PS system, MeOH was

separately added to the solution at a ratio of 3000:1 and 1000:1 to oxidants, respectively. A similar

approach was conducted for TBA. Fig. 6 illustrates the comparative decay of the target

contaminant with and without radical scavengers in UV/H,0O, and UV/PS systems.

Experimental results showed that both TBA and MeOH were effective ‘OH scavengers.

However, MeOH exhibited a higher scavenging capacity of radicals than TBA; thus, playing a

more important role in the inhibition of RhB decay. The degradation of RhB in

the UV/H,0, process—significantly decreased from 96% to 17% and 46% after adding 50 mM

MeOH and TBA (Fig. 6a), respectively. Increasing the concentration of TBA to 150 mM further

reduced the process efficiency by approximately 10%, while the addition of 150 mM MeOH led to

insignificant decrease in the RhB removal compared with that of 50 mM MeOH, suggesting that

*OH radicals generated in the UV/H2O; process were almost completely quenched by 50 mM

MeOH. Radical scavenging experiments in the UV/H2O; process indicated that ‘OH

radicals contributed to almost 82% of RhB decay. In the UV/PS process, the addition of 50 mM

MeOH and TBA inhibited the process efficiency by 78% and 35.6%, respectively (Fig. 6b). The

remarkable difference between these two quenchers in the inhibitory effect on the RhB removal

suggested that both SO4™ and "OH radicals were involved in the degradation of RhB. Moreover,

the considerably more pronounced inhibition upon the addition of MeOH indicated the

predominant role of SO4™ radicals in the UV/PS process. When the molar ratio of MeOH or

TBA to PS increased from 1000:1 to 3000:1, the change in the removal of RhB was negligible.
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This result confirmed that the system had relatively lower production of “OH and the low
concentration of quencher was sufficient. Based on the quenching experimental results, the
contribution of SO4™, *OH, and direct photolysis to the degradation of RhB in the UV/PS process
was determined as 40%, 31%, and 16%, respectively. Moreover, this comparison found that the
two quenchers displayed a stronger inhibitory impact on the UV/H>0, system, indicating a higher
yield of "OH in this system.

To further investigate the production of reactive species in UV/H20; and UV/PS systems, NB
and BA were used as radical probes. NB could selectively react with “OH following a second
order rate constant of 3.9x10° M!S}, while BA reacts with both *OH and SO4" with second order
rate constants of 5.9x10° and 1.2x10° M'S’!, respectively (Guan et al., 2011). The detailed
calculation of "OH and SO4™ can be found in Text S1. The degradation of NB and BA in the tests
followed pseudo-first-order kinetics (R?> >0.99) (Fig. 6¢ and 6d). Hence, the steady-state
concentration of "OH was calculated as 4.04x10"3 and 2.73x10'3* M in UV/H,O, and UV/PS
systems, respectively. The concentration of SO4~ in the UV/PS system was 7.34x10°'3 M. These
results confirmed the predominant roles of ‘OH and SO4~ in UV/H2O;, and UV/PS processes,
respectively.

3.7. Intermediate identification and plausible mechanisms

To explore the mechanism of RhB degradation in the UV/H,O, and UV/PS processes, the
initial concentration of oxidants and RhB was increased to a relatively higher concentration of 1
mM and 0.2 mM, respectively. Simultaneously, the TOC removal and the production of some
RhB decomposition intermediates (e.g., low molecular weight organic acids) were recorded by
TOC analyzer and IC (Fig. 7). After 4 h of treatment, the degradation efficiencies of the RhB in
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both UV/H»0; and UV/PS processes were almost 100% and the TOC removal was 50% and 60%,
respectively. During the degradation/decolorization of the RhB in both processes, a rapid
depletion in the two characteristic absorbance peaks (i.e., 259 nm at UV region and 554 nm at the
visible light region) of the RhB was observed (spectra shown in Fig. S7, SI), which corresponded
to the destruction of aromatic and the chromophore structures (i.e., C=N and C=0 groups) (Jiang
et al., 2018), respectively. Meanwhile, five degradation intermediates were identified including
one inorganic ion (i.e., NH4*) and four LMW organic acids, i.e., formate (HCOOQO"), acetate
(CH3COO"), oxalate (C,04%), and lactate (C3HsO3"). These small organic acids generally resulted
from the subsequent oxidation of longer-chain carboxylic acids, such as maleic and fumaric acids,
upon the benzene ring opening. Therefore, the degradation of RhB could be attributed to the
destruction of the conjugated groups and the N-de-ethylation upon attack by reactive radical
species like SO4~ and "OH, causing the generation of some carboxylic acids by opening the
benzene rings, where the organic nitrogen could be oxidized to form NHy4* after the N-position
de-ethylation in the molecules.

A first formation and then decay curve was observed for lactic acid (i.e., C3HsO3") in both
UV/H;0, and UV/PS processes. The generation of C3HsOs; rapidly reached a maximum of
40.6 uM at 5 min in the UV/PS system, and then decreased. However, the yield of C3Hs0O3™ in the
UV/H;0, process was significantly lower with a peak concentration of 11.7 uM after 2 h. The
amount of all other small carboxylic acids showed an increasing formation trend as a function of
reaction time in both processes. Specifically, C3HsO3™ was one of the intermediates formed before
RhB was mineralized into HCOO™ and CH3COO" (smaller molecular weight). The subsequent
decomposition of these intermediates upon further attack by radicals lead toa significant
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accumulation of HCOO™ and CH3COO" in both UV/H,O, and UV/PS processes (Fig. 7). By
comparison, the yield of HCOO™ and CH3COO" in the UV/PS system was approximately 1.5-fold
higher than that in the UV/H,0, system. Meanwhile, a gradual accumulation of NH4* ions was
recorded in both systems due to the oxidation of the N-de-ethylation. As subsequent oxidation
took place, NH4* ions can be further converted into NO3™ ions which were not detected in the
current study. The buildup of NH4* ions after 4 h reached 26.3 and 52.8 uM in UV/H»0; and
UV/PS processes, respectively. The relatively higher transformation efficiency and more
production of end products in the UV/PS process indicated that at higher concentrations of both
contaminants and oxidants, the UV/PS process displayed a better performance and oxidability for
the RhB transformation.
4. Conclusions

In this study, UV light was used to activate H>O, and PS to degrade the RhB dye in aqueous
solution through the formation of *OH and SO4" radicals; whereby, the removal efficiency of
RhB in the two systems and under different conditions were compared. The results showed that:

(1) Both UV/H»0; and UV/PS processes displayed a good performance on the degradation of
RhB, and the decay followed pseudo-first-order kinetics. The removal of RhB decreased with
increasing pH, where the optimum pH value was 2 in both systems. In a certain range, the
degradation efficiency increased with increasing oxidant concentration and decreasing initial
concentration of RhB. The formation of photo-Fenton and photo-Fenton-like systems by
adding Fe?* facilitated the oxidation performance. HS remarkably suppressed the process
efficiency by acting as UV inner filter and radical sink. The addition of CI  had no significant
impact on the UV/H,O, process; however, it slightly promoted the degradation in
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the UV/PS system. The presence of NOs substantially facilitated the oxidation of RhB in both
processes, while H,PO4~ and C204> showed the opposite effect.

(2) Suppression tests by adding MeOH and TBA as radical scavengers and competition
kinetic tests by using NB and BA as relevant radical probes confirmed the dominant role of SO4™
radicals in the UV/PS process. The steady-state concentration of *OH was calculated as 4.04x10°13
and 2.73x10"® M in UV/H,0, and UV/PS systems, respectively, while the yield of SO4™ in the
UV/PS system was 7.34x10'> M in the presence of 1 pM radical probes, 10 uM RhB, and 50 uM
oxidants at pH 7 in aqueous solution.

(3) The UV/PS process led to a relative higher TOC removal compared to that of the
UV/H,0; process in the current study. The transformation of RhB gave rise to the accumulation
of LMW carboxylic acids (e.g., formic acid, acetic acid, and oxalic acid) and the formation of
inorganic ions (i.e., NH4*"). Accordingly, the degradation of RhB could be attributed to the opening
of the benzene rings and the oxidation of the organic nitrogen upon attack by SO4~ and *OH
radical species, resulting in the generation of LMW carboxylic acids and NH4* as transformation
products.
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Fig. 1. (a) Relative degradation, and (b) pseudo-first-order kinetics of RhB in different oxidation

systems. ([RhBJo = 10 puM, [H202]o = [PS]o = 50 uM, pH = 7)
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Fig. 2. Pseudo-first-order rate constant of RhB degradation under different initial solution pH in

UV/H>0; and UV/PS systems. ([RhB]o = 10 pM, [H202]o = [PS]o =50 uM, pH = 7)
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Fig. 3. RhB removal in UV/H,0, and UV/PS systems under various (a) initial RhB concentration and (b)

varying oxidant dose. ([H202]o = [PS]o = 50 uM, pH = 7)
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Fig. 4. Comparison of the pseudo-first-order rate constant (k.bs) of RhB degradation in different
oxidation systems in the presence of Fe* as a transition metal activator. ((RhB]o = 10 uM, [H202]o =

[PS]o = 50 uM, pH = 3)
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Fig. 5. Effect of different anions on the degradation of RhB in (a) UV/H>0, and (b) UV/PS systems and
the pseudo-first-order rate constants of RhB degradation in the presence of different anions (c) and
varying concentrations of HPOA-SWR (d). ((RhB]o = 10 uM, [H202]o = [PS]o = 50 uM, [Cl]o =

[H2PO4Jo = [C204%Jo = [NO3]o = 10 mM, pH=7)
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Fig. 6. The degradation of RhB in the presence of TBA or MeOH in (a) UV/H20, and (b) UV/PS

systems, and the reaction kinetics of NB and BA degradation in the presence of 10 pM RhB in (c)

UV/H20; and (d) UV/PS systems. ([RhB]o = 10 uM, [H202]o = [PS]o = 50 pM, [NB]o = [BAJo =1 uM,

pH=17)
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Fig. 7. Degradation and transformation of RhB and the subsequent formation of small molecular acids

and NH4* in (a) UV/H20zand (b) UV/PS systems. ([RhB]o = 0.2 mM, [H202]o = [PS]o=1 mM, pH="7)
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