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Abstract 1 

Inorganic and organic pollutants present a hazard to surface and groundwater resources. 2 

Peroxymonosulfate (PMS, HSO5
-) has received increasing attention for in situ chemical oxidation 3 

(ISCO) capable of remediating contaminated sites. Considering that saline waters occur widely in 4 

natural environments, it is desirable to evaluate the effect of Cl- on the PMS oxidation of organic 5 

compounds. In this study, 2,4-dichlorophenol (2,4-DCP) was used as a model pollutant. At a PMS 6 

concentration of 2.0 mM, Cl- concentration of 50 mM, and solution pH of 7.0, 2,4-DCP was 7 

completely degraded by PMS in the presence of Cl- (PMS/Cl- system), while PMS alone exhibited 8 

almost no reactivity with 2,4-DCP. The degradation of 2,4-DCP was optimized at a solution pH 9 

of 8.4 and high concentrations of PMS and Cl-. Quenching experiments and degradation pathway 10 

analyses indicated that HClO was responsible for 2,4-DCP oxidation, and HClO was mainly 11 

generated by the interaction of Cl- with HSO5
-, rather than SO5

2-. Consequently, the transformation 12 

from HSO5
- to HClO appeared under a solution pH of 10.0 and was favored in an acidic solution. 13 

Given the ambient pH and Cl- concentrations of saline waters, a considerable amount of HClO may 14 

be produced by the interaction of PMS with Cl- in the oxidant delivery stage of ISCO processes. 15 

Interestingly, H2O2 and peroxydisulfate did not exhibit reactions similar to those of PMS. This 16 

research indicated that caution must be exercised when choosing an oxidant for ISCO processes 17 

in saline waters. 18 

Keywords: 2,4-Dichlorophenol, peroxymonosulfate, Cl-, hypochlorous acid, in situ chemical 19 

oxidation 20 

  21 
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1. Introduction 22 

In the past few decades, ground and surface water has seen considerable contamination with 23 

organic and inorganic pollutants, which are raising concerns because of their ubiquitous presence, 24 

recalcitrance in the environment, and toxicity to humans and wildlife (Liu and Wong, 2013; 25 

Tsitonaki et al., 2010). According to recent studies at both the laboratory and pilot scales, in situ 26 

chemical oxidation (ISCO) has been proven to be instrumental in remediating contaminated areas 27 

(Devi et al., 2016; Tsitonaki et al., 2010). Generally, the oxidants in an ISCO process must be 28 

stable during oxidant delivery to the targeted area and highly reactive in the contaminated zone 29 

(Yuan et al., 2014). Peroxymonosulfate (PMS), which is a promising oxidant, presents weak self-30 

decomposition at circumneutral pH levels (Yang et al., 2018); when initiated by an activator, PMS 31 

can produce sulfate (SO4
∙-) and hydroxyl (∙OH) radicals that can destroy a wide range of toxic 32 

organic compounds (Ghanbari and Moradi, 2017). Some organic pollutants, such as ketones, 33 

benzoquinone, phenols and steroid estrogens, can be degraded by PMS without an activator 34 

(Montgomery, 1974; Zhou et al., 2015; Zhou et al., 2018b; Zhou et al., 2017). These properties 35 

make PMS a promising oxidant for ISCO technologies, as it minimizes losses during oxidant 36 

delivery to the targeted area and exhibits strong oxidation capacity under the influence of 37 

additional catalysts or the pollutants themselves, in the contaminated zone. 38 

A critical issue that must be carefully considered in ISCO studies of natural waters is the 39 

complexity of the water matrices, especially those containing Cl-; for example, seawater contains 40 

high concentrations of salts (up to 35‰), that typically include NaCl, MgCl2, and CaCl2. Moreover, 41 

Cl- is also ubiquitous in surface waters; according to previous statistical analyses, water in saline 42 

lakes accounts for half of the surface water on Earth (Vallentyne, 1972). The concentration of Cl- 43 

is also relatively high even in groundwater; for example, its concentration was determined to range 44 
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from 10–3000 ppm in California (Mendenhall et al., 1916). Given the ubiquity of Cl- in natural 45 

waters, its impacts are nonnegligible when PMS is used for water treatment and environmental 46 

rehabilitation. 47 

This study investigates the interactions of Cl- and activated PMS, as well as subsequent oxidation 48 

processes. Cl- is highly reactive to sulfate and hydroxyl radicals, causing the following series of 49 

reactions (reactions 1–4) (Anipsitakis et al., 2006; Grebel et al., 2010): 50 

SO4
∙- + Cl- ↔ SO4

2- + Cl∙         (1) 51 

∙OH + Cl- ↔ OH- + Cl∙         (2) 52 

Cl∙ + Cl- ↔ Cl2
∙-          (3) 53 

2Cl2
∙- ↔ Cl2 + 2Cl-.          (4) 54 

From the perspective of degradation kinetics, the presence of Cl- in an activated PMS system has 55 

differing influences on different organic compounds. For example, Cl- has almost no influence on 56 

the degradation kinetics of monochlorophenols and 3-cyclohexene-1-carboxylic acid (Fang et al., 57 

2017; Yang et al., 2014). However, Cl- adversely affects the oxidation efficiency of activated PMS 58 

for benzoic acid, cyclohexanecarboxylic acid, and atrazine (Chan and Chu, 2009; Yang et al., 59 

2014), while accelerating the degradation of phenolic compounds and the decolorization of azo 60 

dye (Acid Orange #7) (Anipsitakis et al., 2006; Yang et al., 2010). Despite these differences in 61 

behavior, all these phenomena depend upon whether or not the rate constants of organics with Cl∙, 62 

Cl2
∙-, and Cl2 are higher than those with sulfate and hydroxyl radicals (Yang et al., 2014). 63 

Furthermore, Wang et al. (2011) and Zhou et. al (2018b) proposed that the production of active 64 

chlorine from the reaction of unactivated PMS with Cl- could be used as an enhanced regime 65 

degrade Acid Orange #7 degradation and oxidize steroid estrogen (reaction 5). Furthermore, PMS 66 

readily counters the effects of various fungi and bacteria in saline waters (Delcomyn et al., 2006; 67 



4 
 

Wen et al., 2019). These studies reveal the use of PMS in the operando remediation of saline waters, 68 

even without an activator. To evaluate the application potential of PMS to ISCO, it is necessary to 69 

investigate the dominant oxidative mechanism and quantify the importance of this mechanism 70 

within the time scale, solution pH range and Cl- content relevant to ISCO processes. 71 

HSO5
- + Cl- → HClO +SO4

2-         (5) 72 

In this study, 2,4-dichlorophenol (2,4-DCP) was used as a model contaminant, not only because 73 

of its relevance as a contaminant in surface waters and groundwater but also due to its interaction 74 

with reactive oxygen species (ROS), including hydroxyl and sulfate radicals, singlet oxygen (1O2), 75 

and chlorine (Table S-1) (Chen et al., 2016; Cheng et al., 2017; Gallard and Von Gunten, 2002; 76 

Gan et al., 2018). The ROS in the PMS/Cl- system was determined by ultraviolet-visible (UV-vis) 77 

spectral analyses, quenching experiments, and degradation product analysis. The performance 78 

characteristics of the PMS/Cl- system at various solution pH levels were also evaluated and kinetic 79 

analyses were utilized to quantify the impact of Cl- on ISCO technologies involving PMS. Finally, 80 

the value of utilizing PMS in ISCO processes was explored. 81 

2. Materials and Methods 82 

2.1 Chemicals 83 

For this study, 2,4-DCP, PMS (KHSO5
-, available as Oxone® (KHSO5·0.5KHSO4·0.5K2SO4)), 84 

sodium peroxydisulfate (PDS), hydrogen peroxide (H2O2), sodium hypochlorite solution (NaClO), 85 

sodium chloride (NaCl), sodium sulfide (Na2SO4), sodium sulfite (Na2SO3), sodium phosphate 86 

monobasic (NaH2PO4), sodium phosphate dibasic (Na2HPO4), sodium phosphate tribasic 87 

dodecahydrate (Na3PO4·12H2O), dimethyl pyridine N-oxide (DMPO), and 2,2,6,6-tetramethyl-4-88 

piperidone (TEMP) were purchased from the Sigma-Aldrich Corporation (USA).   89 

2.2 Experimental Setup 90 
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All solutions in this study were prepared using deionized water (resistivity: 18.2 MΩ) from an 91 

arium® pro system (Sartorius AG, Germany). The solution pH was regulated using either 100 mM 92 

of NaOH or 50 mM of H2SO4. Simulated saline water was prepared using NaCl and experiments 93 

were conducted in 150-mL reagent bottles. To quench the oxidant and stop 2,4-DCP degradation, 94 

Na2SO3 solution was added to the samples taken from the reactor. 95 

2.3 Analytical Methods 96 

The concentration of 2,4-DCP was determined by high-performance liquid chromatography 97 

(HPLC, LC-20AD, Shimadzu Corp., Japan) with a C18 column, column temperature of 35℃, and 98 

ultraviolet detector wavelength of 284 nm. The mobile phase was maintained at a flow rate of 1.0 99 

mL/min with a constant volumetric ratio of methanol and water (70/30). The HClO and PMS 100 

concentrations were measured with an UV-vis spectrophotometer (Lambda 45, PerkinElmer, Inc., 101 

USA); the specific calculation methods are shown in the Supporting Information (Text SI-2, Text 102 

SI-3). 103 

ROS were identified using an electron spin resonance (ESR) spectrometer (CMS 8400, Adani 104 

Systems, USA). The samples were collected from the reaction solution at different times and 105 

DMPO was used to capture ∙OH and SO4
∙- by forming DMPO-OH and DMPO-SO4 adducts, while 106 

TEMP was employed in 1O2 measurements. The intermediates and byproducts of 2,4-DCP 107 

degradation were identified using high-resolution quadrupole time-of-flight mass spectrometry 108 

(QTOF-MS), for which 2,4-DCP samples (20 µL) were diluted with 180 µL of acetonitrile (HPLC-109 

grade) for direct infusion measurements. All measurements were conducted using a Bruker time-110 

of-flight (TOF) instrument (Bruker Daltonics, Germany) coupled with an electrospray ionization 111 

(ESI) source (Apollo-II, Bruker Daltonics, Germany) operated in negative-ion mode. Samples 112 

were injected at a flow rate of 2 µL/min. Dry nitrogen was used as a drying agent (80C, 4.0 L/min) 113 
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and nebulizing gas (1.0 bar). An electrospray (ES) tuning calibration mixture was employed to 114 

calibrate mass spectra (Agilent Technologies, USA). Chloroform and chlorinated acetic acid were 115 

analyzed by using a gas chromatography–Mass spectrometry (GC-MS, Thermo) (Text SI-4). 116 

3. Results and discussion 117 

3.1 PMS oxidation for 2,4-DCP degradation 118 

First, the 2,4-DCP was degraded by 2.0 mM of PMS in the absence of Cl-. As shown in Figure 1, 119 

only 2.56% of the 2,4-DCP was degraded by unactivated PMS (2.0 mM) with a solution pH of 7.0 120 

after 60 min, which indicates that PMS alone is not very reactive to 2,4-DCP. The slight reduction 121 

in 2,4-DCP might have been due to oxidation by 1O2 from the self-decomposition of PMS (Cheng 122 

et al., 2017; Yang et al., 2018) or PMS activation by phosphate buffer in this study. We then 123 

investigated the performance of the PMS system for 2,4-DCP degradation in saline water. With the 124 

addition of 50 mM of Cl-, complete decomposition of 2,4-DCP was achieved within 60 min. These 125 

results agree with results of other studies (Anipsitakis et al., 2008; Zhou et al., 2018b) that suggest 126 

that Cl- is important to organic degradation in the PMS/Cl- process. 127 

3.2 ROS detection 128 

ESR spectroscopy with a spin-trapping reagent of either DMPO or TEMP was used to directly 129 

identify the radicals in the PMS/Cl- process under various solution pH levels. However, no DMPO-130 

SO4 or DMPO-OH signals were observed in the PMS/Cl- system, which ruled out the possibility 131 

of SO4
∙- and ∙OH being the main ROS. Surprisingly, a three-line ESR spectrum with equal 132 

intensities was detected, suggesting the generation of 1O2 in the PMS/Cl- system at all pH levels 133 

(Figure SI-4) (Cheng et al., 2017). Theoretically, 1O2 can be produced from the self-decomposition 134 

and alkaline activation of PMS (Qi et al., 2016; Yang et al., 2018). Here, we studied the 2,4-DCP 135 

oxidation by PMS alone at various pH levels (5.0~11.5) and found that degradation efficiencies at 136 
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all pH levels were confined to no more than 4% in 60 min (Text SI-5). 1O2 appears to have played 137 

an insignificant role in 2,4-DCP degradation in the PMS/Cl- process given the low alkalinity and 138 

high salinity in this study. 139 

According to thermodynamics, it is theoretically feasible to convert PMS (1.75 V) to available 140 

chlorine species (1.48 V HClO/Cl-) via reaction 6 as follows (Anipsitakis et al., 2006). 141 

PMS + Cl- → K+ + SO4
2- + HClO        (6) 142 

To assess the emergence of HClO, the UV-vis spectra of the PMS/Cl- reaction solution in the 143 

absence of 2,4-DCP were recorded at different times. Compared to the UV-vis spectrum of the 144 

pure phosphate buffer, two absorption peaks appeared at wavelengths of 240 nm and 293 nm, 145 

which were assigned to the absorption of the PMS and HClO (Figure 2a), respectively. As time 146 

proceeded, the signal intensity at a wavelength of 293 nm increased, while that at 240 nm decreased 147 

simultaneously, implying that PMS was the precursor of the produced HClO. 148 

Herein, quenching experiments were conducted to further analyze the importance of HClO to 2,4-149 

DCP degradation in the PMS/Cl- process. We chose (NH4)2SO4 with a solution pH of 8.9 as the 150 

quenching agent for HClO because NH3, an existing species in an (NH4)2SO4 solution, is highly 151 

reactive to HClO but inert to PMS (Heeb et al., 2017). As shown in Figure 2b, the degradation of 152 

2,4-DCP was significantly inhibited in the presence of (NH4)2SO4. More specifically, the 153 

degradation efficiencies of 2,4-DCP were only 31.21% and 13.11%, respectively, in the presence 154 

of 0.5 mM and 1.0 mM of (NH4)2SO4; when the (NH4)2SO4 concentration was further increased 155 

to 5.0 and 10.0 mM, the degradation of 2,4-DCP was completely inhibited. Although NH4
+ reacts 156 

with both hydroxyl and sulfate radicals (Deng and Ezyske, 2011; Neta et al., 1988), ESR analyses 157 

confirmed that such radicals are nonexistent in the PMS/Cl- process, thus demonstrating that the 158 

HClO generated in the PMS/Cl- process is mainly responsible for 2,4-DCP degradation. 159 
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3.3 Effect of solution pH 160 

The effect of solution pH on the degradation of 2,4-DCP in the PMS/Cl- process was investigated, 161 

and the results are shown in Figure 3. At a pH of 11.5, 2,4-DCP degradation was not observed. 162 

As the pH decreased to 8.4 and 7.6, the degradation efficiencies at 30 min increased to 94.62% 163 

and 98.23%, respectively. Interestingly, with a further decrease in pH, 2,4-DCP degradation 164 

actually declined. 165 

To clarify the unintuitive trend of 2,4-DCP degradation at various solution pH levels in the 166 

PMS/Cl- process, we investigated the effect of pH on HClO production in the absence of 2,4-DCP 167 

(Figure SI-6). As PMS consumption is stoichiometrically equal to the generation of HClO in 168 

reaction 6, we used the PMS consumption process as a substitute for the HClO production process 169 

to determine the kinetic properties of the PMS/Cl- system. The kinetic constants of PMS 170 

consumption using a first-order reaction rate are shown in Figure 4a. At pH levels greater than 171 

10.4, no HClO generation was observed; however, the transformation of PMS to HClO accelerated 172 

when the pH was reduced from 10.4 to 7.0 (0.00143 min-1, R2=0.9994). At a pH of 7.0, the kinetic 173 

constant was maximized, and a further decrease in the solution pH no longer influenced this 174 

constant. 175 

The distribution of HSO5
- and SO5

2- species at various solution pH levels could be obtained 176 

mathematically based on the pKa of HSO5
- (9.4) (Ball and Edwards, 1956) (Figure 4a, Text SI-177 

6). Comparing the curves of these two reveals that variations of the kinetic constants as a function 178 

of solution pH were highly consistent with the trends of HSO5
- ion percentages as a function of 179 

pH (Yang et al., 2018). These results also demonstrate that the HClO was produced mainly from 180 

the interaction of Cl- with HSO5
- ions via reaction 5. According to Lente et al. (2009), SO5

2- is far 181 

less reactive to Cl- compared to HSO5
-. 182 
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Generally, 2,4-DCP degradation is influenced by the HClO production rate and by the properties 183 

of 2,4-DCP oxidation by HClO. The HClO produced may be converted to less oxidative ClO- in 184 

alkaline solutions (Figure 4b, Figure SI-7) (Gallard and Von Gunten, 2002). Moreover, 2,4-DCP 185 

formed in two species (pKa=7.85), depending on the solution pH, including 2,4-dichlorphenol 186 

molecules (protonated 2,4-DCP) and 2,4-dichlorphenolic ions (deprotonated 2,4-DCP, 2,4-DCP 187 

ion) (Lee and Morris, 1962). The different 2,4-DCP species show different reactivities to HClO. 188 

Normally, the rate constants for the reaction of HClO with deprotonated phenolic compounds are 189 

3–5 orders of magnitude higher than those for reactions with protonated phenolic compounds 190 

(Gallard and Von Gunten, 2002; Ge et al., 2006). As the solution pH decreases, the percentage of 191 

deprotonated 2,4-DCP also decreases (Figure 4b, Figure SI-8) (Wagner and Schulz, 2001). 2,4-192 

DCP degradation (pseudo-first order kinetic constants) was influenced by HClO production and 193 

the percentage of HClO and deprotonated 2,4-DCP in the PMS/Cl- system and thus exhibited a 194 

similar tendency to the production of HSO5
-, HClO, and deprotonated 2,4-DCP percentages as a 195 

function of pH (Figure 4b). Consequently, the pH-dependent process reached the maximum 196 

degradation rate at a pH of 7.6 in the PMS/Cl- system. 197 

3.4 Kinetics 198 

Figure 5a shows the variations in the 2,4-DCP degradation efficiency as a function of the Cl- 199 

concentration in the solution. Increasing the Cl- concentration significantly enhanced the removal 200 

of 2,4-DCP. The degradation efficiency within 60 min was 26.64% at a Cl- concentration of 5 mM; 201 

when the concentration of Cl- increased from 5 to 50 mM and 100 mM, the 2,4-DCP was 202 

completely degraded in only 45 min and 30 min, respectively. 203 

As illustrated by reaction 5, Cl- is among the reactants that produce HClO in the PMS/Cl- process. 204 

Since 2,4-DCP itself cannot be directly oxidized by Cl- and the kinetic constant between HClO 205 
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and 2,4-DCP is up to 303 M-1∙s-1 (Gallard and Von Gunten, 2002), the Cl- affects the 2,4-DCP 206 

degradation processes via HClO as an intermediate product. Figure 5b, which shows the variations 207 

in the UV-vis spectra of the PMS/Cl- reaction solution over 120 min for various Cl- concentrations, 208 

verifies this supposition. The increasing intensity at a wavelength of 293 nm further indicates that 209 

HClO production was accelerated by a high concentration of Cl-, which enhanced the 2,4-DCP 210 

degradation process.   211 

Similar results were seen in the effect of PMS dosage, another reactant in reaction 5. Figures 5c 212 

and 5d illustrate the effect of the PMS dosage on 2,4-DCP degradation and on the production of 213 

HClO. It is obvious that PMS at higher concentrations promoted its conversion from PMS to HClO 214 

(Figure 5d). A higher concentration of HClO as a ROS also led to a higher rate of 2,4-DCP 215 

degradation. 216 

The kinetic constant of the transformation from HSO5
- to HClO was estimated at a solution pH of 217 

7.0 and a temperature of 298 ℃. Here, PMS mainly existed as HSO5
-. Usually, the reaction rate in 218 

a binary reaction can be expressed by equation a. In our kinetic experiments, C(Cl-) can be 219 

regarded as a constant because its consumption is less than 1%. The results in Figure 6a illustrate 220 

that PMS consumption was well fitted by a pseudo-first-order reaction model at each given Cl- 221 

concentration. Based on equations b to e, kobs should be equal to kꞏC(Cl-). As shown in Figure 6a 222 

(inset), plotting kobs vs C(Cl-) yielded a linear curve with a slope of approximately 0.0005 M-1s-1 223 

and a correlation coefficient of 0.994. 224 

𝑣 𝑘 ∙ 𝐶 𝐶𝑙 ∙ 𝐶 𝐻𝑆𝑂     (a) 225 

𝑑𝐶 𝐻𝑆𝑂 𝑘 ∙ 𝐶 𝐶𝑙 𝑑𝑡     (b) 226 

𝑑𝐶 𝐻𝑆𝑂 𝑘 ∙ 𝐶 𝐶𝑙 𝑑𝑡    (c) 227 

ln 𝑘 ∙ 𝐶 𝐶𝑙 ∙ 𝑡 𝑘 ∙ 𝑡    (d) 228 
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𝑘 𝑘 ∙ 𝐶 𝐶𝑙        (e) 229 

𝑣 𝐻𝐶𝑙𝑂 𝑣 𝐻𝑆𝑂 0.0005 𝑀 𝑠 ∙ 𝐶 𝐶𝑙 ∙ 𝐶 𝐻𝑆𝑂  (f) 230 

The value of 0.0005 M-1s-1 was further confirmed by varying the concentration of PMS and fixing 231 

the Cl- concentration (50 mM). As shown in Figure 6b, the decomposition ratios of PMS were 232 

maintained at almost the same values throughout the process. In this way, the value of k could be 233 

calculated as (0.000486 ± 0.000048) M-1s-1, which is nearly equal to 0.0005 M-1s-1. 234 

3.5 Degradation pathway analysis 235 

The degradation of 2,4-DCP in the PMS/Cl- system was further explored using ESI-QTOF-MS. 236 

To identify intermediates, a high 2,4-DCP concentration (500 μM) was applied. The concentration 237 

of PMS was maintained at 20 times the 2,4-DCP concentration, while the Cl- concentration was 238 

held at 50 mM. As shown in Figure SI-9, after 10 min of reaction time, the signal for the 2,4-DCP 239 

(m/z 160.95 for the [M–H]– ion) decreased while some new signals at m/z 194.91, 196.90, 198.90, 240 

and 200.90 appeared at an intensity ratio of 27:27:9:1. This finding suggests the formation of 2,4,6-241 

trichlorophenol (2,4,6-TCP), which clearly increased over time. Similar results occurred in the 242 

GC-MS analysis of treated 2,4-DCP sample (Text SI-4). Additionally, a minor signal was 243 

observed at m/z 176.89, which is consistent with a dichlorinated hydroquinone, either 3,5-dichloro-244 

1,2-hydroquinone or 2,4-dichloro-1,5-hydroquinone. With further oxidation of intermediates, 245 

some small degradation products were determined by GC-MS analysis, including chloroform and 246 

Monochloroacetic acid (Text SI-4). Based on these results, we proposed that the main pathway of 247 

2,4-DCP degradation was via formation of 2,4,6-TCP followed by ring-opening reactions and 248 

subsequent decomposition to chloroform, chloroacetic acid (Figure 7), H2O and CO2 (Text SI-7) 249 

(Xu and Wang, 2012). 250 

The oxidation of 2,4-DCP driven by different reactive species presented different degradation 251 

routes. As shown in Table SI-2, various chloro-hydroquinone and chloro-benzoquinone were 252 
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formed from ∙OH oxidation (Chu et al., 2005; Kang et al., 2002), SO4
∙- oxidation (Huie et al., 1991; 253 

Zhou et al., 2018a), and non-radical oxidation of 2,4-DCP (Zhang et al., 2014). Comparing these 254 

degradation pathways with that in the PMS/Cl- system, especially the emergence of 2,4,6-TCP as 255 

a major intermediate species, unravels another oxidation mechanism and a different intermediate 256 

oxidant. It has also been reported that 2,4,6-TCP is a feature of the 2,4-DCP chlorination process 257 

in which HClO is the main oxidation species (Deborde and von Gunten, 2008). Figure SI-9 makes 258 

clear that 2,4,6-TCP appeared as the 2.4-DCP concentration decreased over time in a pure 259 

chlorination system. The degradation consistency of these two systems reveals that the PMS/Cl- 260 

system is primarily a chlorination process in terms of its oxidation mechanism. 261 

3.6 Implications for ISCO 262 

Generally, ISCO processes are divided into two phases: oxidant delivery and remediation 263 

(Chowdhury et al., 2017). Several studies have addressed the radical oxidation processes for PMS-264 

related oxidation reactions in remediation stage, whereas few have highlighted the interactions of 265 

unactivated PMS with other environmental impurities in delivery phase (Ghanbari and Moradi, 266 

2017). According to previous research, it may take several days for the oxidants to cover the 267 

entirety of the target area, while it may even take one month in some low-permeability zones 268 

(Chowdhury et al., 2017). Our kinetics study suggests that a considerable amount of HClO may 269 

be generated from the interaction of PMS with Cl- at the time scale of the delivery stage (several 270 

days). Contaminated areas, in particular, provide favorable conditions for the transformation of 271 

PMS to HClO. For example, Cl- concentrations higher than 5 mM and pH levels below 10.0 occur 272 

widely in natural aqueous environments (Mendenhall et al., 1916), thereby increasing the 273 

likelihood of HClO production via methods demonstrated in this study. The HClO produced in the 274 

delivery stage may induce some unexpected reactions in the subsequent remediation stage of ISCO, 275 
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which brings advantages and disadvantages for the ISCO process. Unactivated PMS is relatively 276 

inert to most contaminants (Ghanbari and Moradi, 2017). Thus, the in-situ transformation of PMS 277 

to HClO can significantly reduce the demand for PMS activators while simultaneously preventing 278 

secondary pollution induced by the latter. Furthermore, HClO shows a high reactivity with 279 

organics with particular components, such as reduced sulfur moieties, amines, and activated 280 

aromatic systems (Heeb et al., 2017), and can degrade these quickly. The disinfection performance 281 

of PMS will be enhanced in the presence of Cl- because of the good performance of HClO in 282 

inactivating pathogenic microorganisms (Wen et al., 2019). However, the indirect oxidation of 283 

PMS via HClO production may hinder the desired goal of eliminating hazards if the degradation 284 

is routed through pathways that lead to the production of other toxic and carcinogenic chlorination 285 

byproducts (Bull et al., 1995). 286 

Interestingly, H2O2 and PDS share the same structure with PMS (a peroxy bond) (Ghanbari and 287 

Moradi, 2017), but neither H2O2 nor PDS oxidation was observed to degrade 2,4-DCP in the 288 

presence of Cl- (Figure SI-10). This finding indicates that either that H2O2 and PDS do not react 289 

with Cl- in a manner similar to the way PMS does or that the kinetics are too slow to allow for the 290 

observation of active chlorine generation. From this perspective, H2O2 and PDS may be better 291 

substitutes for PMS if chlorination is not desired. Together, these findings can provide guidance 292 

for choosing a suitable oxidant for the ISCO process. 293 

4. Conclusion 294 

The synergetic effect of Cl- and PMS on the degradation of 2,4-DCP was investigated in detail, 295 

and the potential of applying PMS in the ISCO process of contaminated saline waters was 296 

evaluated. Our results showed that at a PMS concentration of 2.0 mM, Cl- concentration of 50 mM, 297 

and solution pH of 7.0, 2,4-DCP was completely degraded in the PMS/Cl- system, while PMS 298 
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alone displayed almost no reactivity. Optimal parameters for 2,4-DCP removal included a solution 299 

pH of 8.5 and high concentrations of PMS and Cl-. Efficient 2,4-DCP degradation can be ascribed 300 

to the generation of HClO from PMS and Cl-. Furthermore, UV-vis spectra and quenching 301 

experiments confirmed that HClO is the main oxidation species in the PMS/Cl- system. The 302 

emergence of 2,4,6-TCP, which is a symbolic product of 2,4-DCP chlorination, in the degradation 303 

pathway further verified this conclusion. Hypochlorous acid was mainly generated from the 304 

interaction of Cl- with HSO5
-, rather than SO5

2-. Consequently, the transformation from HSO5
- to 305 

HClO appeared under a solution pH of 10.0 and was favored in an acidic solution. Its generation 306 

rate can be expressed as v(HClO)=(0.0005 M-1s-1)·C(Cl-)·C(HSO5
-). Given the ambient pH and 307 

Cl- concentration of saline waters, a considerable amount of HClO may be produced from the 308 

interaction of PMS with Cl- in the oxidant delivery phase of ISCO processes. Moreover, H2O2 and 309 

peroxydisulfate showed no reactions that were similar to those of PMS. These findings suggest 310 

that extreme care must be taken when choosing an oxidant for ISCO processes in saline waters. 311 
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Figure 1. Degradation of 2,4-DCP in the various systems. ([2,4-DCP], 100 µM; [PMS], 2 mM; 

[Cl-], 50 mM; Solution pH, 7.0; [buffer], 20 mM; stirring speed, 500 rpm) 
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Figure 2. (a) UV-vis spectra of samples from the PMS/Cl- process; ([PMS], 2 mM; [Cl-], 50 mM; [buffer], 

20 mM, solution pH, 7.0); (b) 2,4-DCP degradation in the presence of NH+. ([2,4-DCP], 100 µM; solution 

pH 8.9) 

  



0 10 20 30 40 50 60
0

20

40

60

80

100

C
t/C

0 
(2

,4
-D

C
P,

 %
)

Time (min)

pH: 
 5.0
 7.0
 7.6
 8.4
 8.9
 9.4   9.9
 10.4   11.5

 

Figure 3. Effect of the solution pH on 2,4-DCP degradation in the PMS/Cl- system.  ([2,4-DCP], 

100 µM; [PMS], 2 mM; [Cl-], 50 mM; [buffer], 20 mM; stirring speed, 500 rpm) 
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Figure 4. (a) The species distributions of PMS and the kinetics constants for HClO production in 

PMS/Cl- processes. ([PMS], 2 mM; [Cl-], 50 mM; [buffer], 20 mM; stirring speed, 500 rpm); (b) 

the percentage product of protonated PMS (HSO5
-) and deprotonated 2,4-DCP (2,4-DCP ion) and 

the kinetics constants for 2,4-DCP degradation in PMS/Cl- processes. 
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Figure 5. Effect of the Cl-  concentration on the 2,4-DCP degradation (a) and HClO production in 

120 min (b); Effect of the PMS concentration on the 2,4-DCP degradation (c) and HClO production 

in 120 min (d); ([2,4-DCP], 100 μM (if added); [PMS], 2 mM; [Cl-], 50 mM; [buffer], 20 mM; 

stirring speed, 500 rpm; solution pH, 7.0) 
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Figure 6. Effect of Cl- (a) and PMS (b) concentrations on the PMS transformation to HClO without 

2,4-DCP. ([PMS], 2 mM; [Cl-], 50 mM; [buffer], 20 mM; solution pH, 7.0; stirring speed, 500 rpm) 

  



 

Figure. 7. Proposed degradation pathway of 2,4-DCP in the PMS/Cl- system.  
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