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Abstract 

Compound-specific isotope analysis (CSIA) is a useful technique that has received an 

increasing attention for studying the degradation mechanisms of organic contaminants 

based on stable isotope fractionation concepts. This study reports the degradation 

mechanisms of p-chloroaniline (PCA) at different pH values (3, 5, 7 and 9) induced by 

persulfate (PS) based on 13C isotope fractionation during its preferential oxidation with 

SO4
•‒ and •OH. The results showed that the degradation of PCA followed first-order 

kinetics (rate constants, 0.026, 0.0362, 0.0754 and 0.0497 h-1 at pH = 3, 5, 7 and 9, 

respectively), with the fastest degradation under neutral conditions (pH 7). The 

degradation rate was found to be higher under alkaline conditions (pH 9) compared to 

acidic conditions (pH 3 and 5). A normal carbon isotope fractionation of PAC was 

observed under neutral and alkaline conditions (eg., εC = -0.8‰  0.10 at pH 7 and εC 

= -1.0‰  0.17 at pH 9). However, a reverse carbon isotope effect at pH 3 (εC = 0.6‰ 

 0.07) and pH 5 (εC = 1.1‰  0.06) was observed, respectively. Based on the identified 

transformation products and the insights revealed by CSIA, the degradation pathways 

were proposed. The current findings are crucial in understanding the PCA degradation 

mechanisms with SO4
•‒ and •OH in aqueous systems.

Key words: p-Chloroaniline; Persulfate; Chemical oxidation; Compound-specific 

isotope analysis; Isotope fractionation



3

1. Introduction

The chloroaromatic compounds, such as p-chloroaniline (PCA), are widely used 

as an intermediate in a variety of chemical manufacturing for example agricultural 

chemicals, plastics, azodyes and pigments, and drugs[1]. It is also a secondary product 

of the smelting process used to extract non-ferrous metals, and hence, suspected to be 

present in wastewater and tailings associated with mining operations[2]. Researchers 

reported that PCA have been found in various systems including atmosphere, water 

body, sediments, and different types of soil and biological samples[3, 4]. PCA belongs 

to the persistent organic pollutants (POPs) and is included in the priority pollutant list 

of the US EPA and EU legislations[5] as it can impose significant risks on our health 

and the environment[6, 7]. Therefore, knowledge about its fate in the environment and 

degradation mechanisms is important for an efficient removal of PCA.

In recent years, a promising technique based on radical oxidation reactions, in situ 

chemical oxidation (ISCO), has been used for the removal of organic contaminants in 

various environmental systems[8]. Persulfate (PS) is one of the widely used oxidants in 

ISCO [9]. Oxidation using sulfate free radical (SO4
•‒), produced by activating PS, is an 

emerging advanced oxidation technology. PS decomposes to SO4
•‒ (Eq. 1)[10], which 

can further form hydroxyl radicals (•OH) under different pH conditions (Eq. 2 and 3)[11, 

12]. Under acidic conditions, S2O8
2– react to HS2O8

– which can further form SO4
•‒ and 

HSO4
•– in subsequent reactions according to Eq. 4 and 5[10, 13, 14]. The high standard 

oxidation-reduction potential of SO4
•‒ (Eo = 2.5-3.1 V) which is close to that of •OH (Eo 

= 2.8 V) reveals its strong oxidizing properties under acidic, neutral, and alkaline 
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conditions[15-18]. According to the previous studies, SO4
•‒ can be applied for degrading 

organic pollutants effectively, including phthalate esters, benzene, ethylbenzene, 

toluene, xylene, polychlorinated biphenyls, polycyclic-aromatic hydrocarbons, and 

others [4, 19-21]. 

S2O8
2– + e– → SO4

•– + SO4
2– (1)

All pHs: SO4
•– + H2O → SO4

2– + •OH + H+ (2)

Alkaline pH: SO4
•– + OH– → SO4

2– + •OH (3)

Acidic pH: S2O8
2– + H+ → HS2O8

– (4)

HS2O8
– + e–→ SO4

•– + SO4
2– + H+ (5)

SO4
•–+ H++ e–→ HSO4

•–             (6)

In addition, activated PS can act as a new and efficient oxidant reagent (Eq. 7 -

12)[22-27] and can efficiently remove chloroaniline substances in aqueous solutions[28, 

29]. Recently, visible-light and solar-light have been used to activate PS to generate 

SO4
•‒ and •OH for making the photoactivation of PS for removal of organic pollutants 

by energy-efficient. Despite the increasing application of PS for the removal of PCA 

from contaminated industrial and mineral processing wastewaters[30-33], the 

mechanisms of the PS based degradation are still unclear. Conventionally, GC-MS 

identification of the molecular structures of transformation products (TPs) have been 

used to investigate the degradation mechanisms of PCA to characterize degradation 

mechanisms [34-36]. 

However, since the same product may be produced by different reaction pathways, 

it is challenging to characterize the degradation mechanisms of PCA using PS at 
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different pH. Therefore, mechanisms involved in PCA degradation should be further 

invested to understand its environmental processes and design effective remediation 

approaches. 

S2O8
2– + hv → 2SO4

•–            (7)

HSO5
– + H2O → SO4

•–+•OH           (8)

S2O8
2– + heat/UV → 2SO4

•–       (9)

S2O8
2– +Mn+ → M(n+1)++ SO4

•–+ OH–     (10)

              HSO5
– + Mn+ →M(n+1)++SO4

•–+ SO4
2–        (11)

HSO5
– + Mn+ → M(n+1)++ SO4

2–+•OH        (12)

Techniques such as gas chromatography-mass spectrometer or liquid 

chromatography-mass spectrometer technology have been applied to study the 

degradation mechanism of organic pollutants. Due to the reaction mechanism relying 

on the chemical fingerprint of degradation products is often uncertain, the research 

conclusions cannot reach a consensus. This uncertainty brings difficulties to the 

degradation mechanism study and it is not conducive to in-depth study of the 

environmental behavior of organic pollutants. The compound specific isotope analysis 

(CSIA) technology determines the stable isotope ratio of a specific element of a single 

compound, and the result is not interfered by other reactants, products and elements, 

thus improving the reliability and accuracy of the results. 

CSIA has been increasingly applied to identify and analyze the sources of 

pollutants, evaluate the transformation mechanisms, and estimate the extent of 

biodegradation of organic pollutants in the environment. Its application on investigating 
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the fate of organic pollutants has becoming a research hotspot in the field of 

Environmental Science and Engineering[37, 38]. When the target organic pollutants are 

degraded, the reaction rate of the lighter isotopes of atoms at the reacting positions is 

slightly different from that of the heavier ones, which may result in a change in the 

isotope composition of a specific element in the residual fraction, leading to isotope 

fractionation. In order to further explore the reaction mechanism, the kinetic isotope 

effect (KIE) can be used to evaluate the extent of isotope fractionation, which refers to 

the ratio of the rate constant of the reaction with light isotopes to heavy ones. KIE is 

considered to be a useful tool for providing information about the reaction mechanism, 

which is achieved by determining the bond changes that occur during the first reaction 

rate-limiting step[39]. CSIA has been successfully applied to study the degradation 

mechanisms of organic pollutants, such as phthalates, polycyclic aromatic 

hydrocarbons and polychlorinated biphenyls[40, 41]. However, it is rarely used to study 

the degradation mechanism of p-chloroaniline. Previous studies on the degradation of 

PCA by PS under normal temperature conditions have mostly focused on the inference 

of the degradation mechanism using its degradation products[42, 43]. In the literature, 

there are limited reports on CSIA of PCA by PS oxidation, and no study has been 

reported on CSIA during PS oxidation of PCA in different pH at ambient temperature, 

to the best of our knowledge. 

Accordingly, this study aimed to study the potential of 13C-CSIA to characterize 

the reaction processes involved in PS-based PCA oxidation at different pH 

conditions, ,as well as to evaluate the degradation kinetics of PCA in PS natural-light 
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activation system at different pHs and to identify the PCA transformation products 

using GC-MS. Carbon isotope enrichment factor, εC, was determined under the studied 

conditions and the possible degradation pathways have been proposed based on the 

results obtained from all experimentations.

2. Materials and methods

2.1. Chemicals

Analytical grade PCA standard (purity, 99.5%), sodium persulfate (Na2S2O8), 

dipotassium hydrogen phosphate (K2HPO4), potassium dihydrogen phosphate 

(KH2PO4), conc. sulfuric acid (H2SO4, 95–98%), sodium hydroxide (NaOH, 98%), 5,5-

dimethyl-1-pyrrolinen-oxide, starch indicator (I2, 1%), potassium iodide (KI, 99.5%), 

Sodium thiosulfate (Na2S2O3, 99.5%) and tert-butyl alcohol (TBA) were obtained from 

Aladdin Chemical Reagent Co., Ltd. (Shanghai, China). Methanol and dichloromethane 

(HPLC grade) were supplied by Beijing MREDA technology Co., Ltd. (Beijing, China). 

Deionized water prepared by a Milli-Q system (Millipore, Billerica, MA, USA) was 

used throughout the experiments.

2.2. Experimental procedures

Batch experiments of PS oxidation reactions were carried out at ambient 

temperature (~20 ℃) in a of 500-mL polytetrafluoroethylene (PTFE) vials using a 

solution volume of 500 mL under natural-light, which were constantly stirred with a 

magnetic stirrer. Stock solutions of PCA (0.8 mM) was prepared prior to each batch 
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experiment and stored in the dark. Na2S2O8 was used to generate SO4
•‒ in experiments 

at pH 3, 5, 7 and 9, using 10 mM phosphate buffer solution to stabilize the pH. The pH 

was adjusted using H2SO4 and NaOH solutions. To reach the detection limit of the 

isotope measurements, 0.8 mM of PCA was applied as initial concentration. The molar 

ratio of PCA and PS in the reaction solution was 1:50 as used before in similar 

experiment [44]. Control experiments were simultaneously conducted under the same 

conditions without adding PS. The reaction liquid were removed at different time 

intervals, and the remaining PCA was extracted using 5 mL dichloromethane by liquid-

liquid extraction.

 To investigate the degradation kinetics of PCA, 0.5 mL methanol, free radical 

quencher, was added to 2 mL of the solution in brown glass vials to stop the radical 

oxidation reaction. At different time intervals, 0.5 mL reaction solution was transferred 

to a brown vial for concentration determination.

2.3. Analysis techniques 

2.3.1 Concentration determination

The amount of PCA was determined at 239 nm using a UltiMate 3000 HPLC 

system (Thermo Fisher Scientific, Massachusetts USA) equipped with a UV detector. 

A reversed-phase C18 column (250 mm length x 4.6 mm internal diameter, 5.0 µm 

particle size) was used for separation and the column temperature was 30 ℃. A mixture 

of methanol and ultrapure water (65:35, v/v) supplied at a flow-rate at 1 mL min-1 was 

employed as the mobile phase. 



9

2.3.2 Persulfate, TOC and Cl- determination

Persulfate concentration was determined using a colorimetric method using iodide 

as reported elsewhere[45]. A TOC analyzer (Shimadzu, model TOC-L CPHCN, Japan) 

was used to determine the total organic carbon (TOC) during the whole reaction 

period[46]. The samples were quenched by using 1 M sodium thiosulfate aqueous 

solution before TOC analysis. Cl- was quantified using an ion chromatograph (Dionex 

ICS-3000, USA) with a 25 mA suppressor current, A Thermo Fisher Scientific AS23 

analytical column (4 × 250 mm), and 10 mM sodium carbonate and 0.8 mM sodium 

bicarbonate as eluent (1 mL/min) [42]. 

2.3.3 Dominant radicals identification

In order to identify the dominant radicals in the PS/natural-light system, quenching 

experiments were carried out to identify the possible radicals generated during the 

whole reaction process[23]. Methanol (MeOH) was used as the radical scavengers for 

both ⦁OH and SO4
⦁−, and tert-butyl alcohol (TBA) were selected as the radical 

scavengers for ⦁OH.[47, 48]. Electron paramagnetic resonance (ESR) analysis were also 

conducted to identify the radical species using 5,5-dimethyl-1-pyrrolinen-oxide 

(DMPO) as a spin-trapping agent[49]. In brief, a suspension containing 1 mL 0.1 M 

DMPO solution was spiked into the reaction solutions at different time intervals and 

further shaken for 1 min[50]. The above suspension was then filtered through a 0.22 μm 

syringe filter and analyzed on a Bruker EMS Plus X-band ESR spectrometer at room 

temperature[51].
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2.3.4 GC-MS analysis and toxicity estimation

An Agilent GC-MS (7890B-5977B) system was applied to determine PCA and its 

TPs . The compounds were separated by a HP-5 column (30 m x 0.25 mm x 0.25 μ m) 

(Agilent, USA) with helium (1 mL/min). The heating program of the oven was begun 

at 60 ℃ and held for 1 min, and increased to 180 ℃ at 15 ℃ min-1 and held for 2 min, 

and increased to 290 ℃ at 15 ℃ min-1 and held for 2 min. The injection temperature 

was 220 ℃ and 1 µL sample was injected into the GC at a split ratio of 5:1.

The University of Washington laboratory safety method was used to determine the 

toxicity of the TPs formed in PCA/PS/natural-light experiments[52, 53]. Based upon 

fish LC50 constituents of the leachate are divided into five categories as listed in Table 

1 and then, the equivalent toxicity of the TPs was calculated (Eq. 13). In addition, 

quantitative structure-activity relationship (QSAR) analysis was used to evaluate and 

identify the acute and chronic toxicity of TPs produced in the PCA/PS/natural-light 

experiments based on the ecological structure-activity relationship (ECOSAR) 

prediction model[54].

Table 1 here

                       (13)𝑇𝑜𝑥𝑖𝑐𝑖𝑡𝑦(%) = ∑𝑋% +
∑𝐴%

10 +
∑𝐵%
100 +

∑𝐶%
1000 +

∑𝐷%
10000

Where X, A, B, C and D are percentage of the TP constituents associated with 

each toxicity categories.
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2.3.6 Specific oxidant efficiency

In order to explore the ability of PS to degrade p-chloroaniline, the index of 

specific oxidant efficiency (SOE) was used in this study[55]. SOE is the amount of 

Chemical Oxygen Demand (COD) removed per unit mass of PS consumed, calculated 

by Eq. 14, which indicate the system performance. COD concentrations were 

determined using a DR6000 UV-vis spectrophotometer (HACH, Beijing, China)[56]. 

                                             (14)𝑆𝑂𝐸 =
(𝐶𝑂𝐷0 ― 𝐶𝑂𝐷𝑡)

(𝑃𝑆0 ― 𝑃𝑆𝑡)

2.3.5 Carbon isotope analysis

DELTA V gas chromatography - isotope ratio mass spectrometry (GC-IRMS, 

Agilent, USA) was used to measure the stable carbon isotope composition of PCA, and 

1ul of samples were injected in a splitless mode. The stable range for reliable 

measurement of PCA carbon isotope compositions is shown in SI, Section 1. Sufficient 

separation and well resolved peak were achieved using a HP-5 column (30 m x 0.25 

mm x 0.25 µm) (Agilent, USA). The heating program and other GC parameters were 

the same as those used in the above GC-MS (Section 2.3.2). All samples were analyzed 

in triplicates to ensure the reproducibility. The standard deviation of all isotope 

measurement was typical for CSIA (δ13C: ± 0.5‰)[39]. 

2.4. Data evaluation

Rayleigh equation, expressed in Eq. 15[57, 58], was used to evaluate the carbon 
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isotope fractionation of PCA during the oxidation reactions.

 (15)ft ln
1
1ln

0



 




where δt and δ0 are the corresponding carbon isotope compositions of PCA at sampling 

time t and 0, ε is the isotope enrichment factor for the degradation process and f is 

the remaining fraction of non-degraded PCA at time t (f = Ct /C0). 

In order to further study the reaction mechanisms and degradation pathways, the 

apparent kinetic isotope effects (AKIE) considering the reactive positions were 

calculated by Eq. 16[59].

              (16)𝐴𝐾𝐼𝐸𝑐 = 1

1 +
n

𝑥𝑧𝜀𝑐(‰)/1000

Where εc is the obtained carbon isotope enrichment factor according to Rayleigh 

equation, n is the number of carbon atoms in the studied molecule, x is the number of 

carbon atoms at reactive positions and z is the number of carbon atoms in intramolecular 

competing positions.

3. Results and discussion 

3.1. Degradation kinetics of PCA at different pHs 

pH has a significant effect on the oxidation of organic pollutants with SO4
•‒[60, 

61]. Therefore, the oxidation experiments were conducted using Na2S2O8 to generate 

SO4
•‒ at different pH (3, 5, 7 and 9) with 40 mM and 0.8 mM initial concentrations of 

Na2S2O8 and PCA, respectively. The results showed that the pH of the reaction system 

has a significant effect on the degradation rate of PCA (Table 2). It is noteworthy that 

only little loss of PCA was observed in control experiments without PS. Control 
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experiment without any oxidant in the reaction system showed almost stable 

concentration and carbon isotope values of PCA, suggesting that photolysis of PCA can 

be negligible under all studied pHs (Fig. S2 and Fig. S3). 

The degradation of PCA followed first order kinetics (R2 ≥ 0.925) in all 

experimental conditions (Table 2), which is essentially consistent with the previous 

reports[62, 63]. Although a second order reaction, the rate constants (k) can describe the 

PS/PCA reaction and were determined to be 0.020, 0.0362, 0.0754 and 0.0497 h–1 at 3, 

5, 7 and 9 pH values, respectively (Table 2)

Table 2 here

Figure 1 here

The degradation rate of PCA with PS at pH 7 is faster (half-life = 9.19 h) than in 

acidic (half-life = 26.66 h at pH 3, half-life = 19.15 h at pH 5) and alkaline conditions 

(half-life = 13.95 h at pH 9) (Table 2 and Fig.1). 

The reason for this observation may be attributed to the reaction rate between 

HPO4
2- and SO4

•‒ (k = 1.2*106) is higher than that of •OH (k = 1.5*105). In addition, 

under acidic conditions, hydrogen ions can scavenge sulfate radicals (Eq. 6) [56, 64]. 

Therefore, the removal rate of PCA under alkaline condition was higher than that under 

acidic condition, which might be because of the quenching effect of phosphate on •OH 

is less than on the SO4
•‒. Albeit, more •OH is generated at pH 9 than at pH 7 (see Eq. 

3), it is likely that more •OH would be scavenged at pH 9 due to its non-specificity and 

the strong competition for it between the SO4
2‒ and PCA; thereby resulting a decrease 

in the PCA degradation rates at pH 9 [10]. Considering that the concentration of the 
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buffer solution is relatively low, the degradation of PCA by secondary radicals 

generated from phosphate buffer can be ignored. In acidic solution, additional SO4
2‒ 

could be formed due to the possible acid-catalyzation [65, 66]. However, the higher rate 

of SO4
•‒ formation could favor reactions between the radicals (Eq. 17 and 18) over 

radical with PCA reactions (the predominant free radical at different pH are shown in 

Table 2) [67]. Therefore, strong acidic condition is not conducive to the degradation of 

PCA, and the half-life at pH 3 reached to 26.66 h. Liang et al. [10] also reported similar 

results on the effect of pH on the degradation of trichloroethylene in PS system, and 

they observed a highest degradation rate at pH 7. This also indicated that the initial pH 

values have a major effect on the rate constants of PCA decay. 

SO4
•‒ + SO4

•‒ → S2O8
2‒ (17)

SO4
•‒ + S2O8

2‒ → SO4
2‒ + S2O8

•‒ (18)

3.2. Decomposition of persulfate and radical identification 

Since the main source of the free radicals (•OH and SO4
•‒) in the PS/ natural-light 

system is PS, the concentrations of PS during the reaction at different pHs were 

monitored. As shown in the Fig. 2, PS is gradually consumed under all pH conditions 

(at pH 3, 5, 7 and 9, PS consumption was about 53.5%, 63.55%, 69.08 and 67.02%, 

respectively). Similar to the trend of PS being consumed, the degradation rate of PCA 

decreased from neutral to alkaline to acidic condition in the PCA/PS/natural -light 

system.

To identify the types of free radicals in the PCA/PS/natural-light system under 

different pH conditions, free radical scavengers (TBA and MeOH) were added to the 
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system[23, 68]. Methanol can react quickly with •OH (k=9.7×108M-1S-1 ) and SO4
•‒ 

(k=1.1×107M-1S-1), and hence, it can be used as a quencher for the two free radicals 

[23, 47]. The reaction rate of TBA with •OH (k=6.0×108M-1S-1) is three-order faster 

than that of SO4
•‒ (k=4.0×105M-1S-1), thus TBA is added to the reaction system as a 

quencher of •OH. The inhibition of the degradation rate of PCA by TBA is relatively 

low under acidic conditions (pH 3 and pH 5) suggesting that SO4
•‒ is the major radical 

species (Fig. 3). 

At pH 3 and pH 5, the inhibition rate of TBA was 0.003 and 0.009. While methanol 

exhibited greater inhibitory effect on the degradation of PCA, the inhibition rates are 

0.022 and 0.032, respectively. The results therefore indicate that the SO4
•‒ plays a 

leading role under acidic conditions. Under neutral conditions (pH 7), the inhibition 

rates of TBA and methanol on PCA degradation were 0.0537 and 0.0615, respectively, 

which indicated that both of the free radicals coexisted in the system. Under alkaline 

conditions (pH 9), the inhibition rates of TBA and methanol on PCA degradation were 

0.0426 and 0.0447, respectively, indicating that the •OH is the dominant free radical.

Figure 3 here

Due to the fact that DMPO can capture •OH and SO4
•‒ to generate DMPO-OH and 

DMPO-SO4 secondary products, respectively, the two products can be detected by the 

electron paramagnetic resonance (EPR) spectrometer analyzing the type of existing free 

radicals in the system[49-51]. The results shown in Fig. 4 demonstrate that under acidic 
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(pH 3 and pH 5) and alkaline conditions (pH 9), the dominant free radicals in the 

PCA/PS system are SO4
•‒ and •OH, respectively, and the two radicals coexist in neutral 

conditions (pH=7) which is in agreement with the results of quenching experiments 

(Fig. 3).

Figure 4 here

3.3. Potential reaction products of PCA and toxicity estimation 

At different pH values, the PS become activated to yield SO4
•‒ and •OH radicals, 

which attack different chemical bonds of many organic pollutants[69], and various 

intermediate products also form during the processes. The possible intermediates 

formed during PCA oxidation with the free radicals, SO4
•‒ or •OH, were identified by 

GC-MS and the results are presented in (Fig. S4). The main secondary product was 

identified to be 4-amino-phenol at pH 3 and pH 5, which was not reported in previous 

studies (Fig. S4a). At pH 7 and pH 9, the main possible intermediate products were 

tentatively identified as 2-amino-5-chlorophenol, (Fig. S4b). Accordingly, 1-chloro-4-

nitroso-benzene and p-benzoquinone were tentatively identified to be the main 

intermediate products at all studied pHs (Fig. S4c and Fig. S4d)[41, 70-74].

The toxicity of PCA before and after the degradation of PS was also calculated to 

be 2.09% and 1.455%, respectively, which imply a good toxicity reduction during this 

process.

Table 3 here
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3.4. Main inorganic products and degree of mineralization 

The concentration of Cl- was used as the main inorganic product in the aqueous 

solution to further clarify the degradation mechanism of PCA in the PCA/PS/natural-

light system. The various profiles of PCA and TOC were investigated and the results 

are shown (Fig. 5). The results demonstrate that the Cl- concentration is relatively low 

at pH 7 and pH 9 (Fig. 5A). Gradual increase in the Cl- concentration was observed at 

pH 3 and pH 5. The degradation rates of TOC increased with time, and the degradation 

rate of TOC in neutral (pH 7) and alkaline conditions (pH 9) are higher than that in 

acidic conditions (pH 3 and pH 5) (Fig. 5B). However, the degradation rate of PCA was 

significantly higher than that of TOC, which indicate that only part of the PCA was 

completely mineralized and the other part may be converted into other products (Fig. 

5C).

Figure 5 here

3.5. Carbon isotope fractionation during the chemical oxidation

The carbon isotopic ratio of PCA were analyzed during the oxidation process. The 

obtained isotopic ratio values (δ13C) showed a more positive trend during the reaction 

process and with progressing reaction and decreasing amounts of the residual reactant 

in neutral and alkaline conditions (Fig. 6). The enrichment of 13C in residual PCA 

molecule in neutral and alkaline conditions indicate that the process of oxidative 
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degradation of PCA by •OH was associated with a normal carbon isotope effect. In 

control experiment for 300 h, no PCA degradation were observed and constant δ13C 

(pH 7: −28.1 ± 0.1‰, and pH 9: –28.1 ± 0.1‰) were obtained (Fig. S3), proving that 

the isotope fractionation was caused by • OH degradation. The εC values were 

calculated to be –0.80 ± 0.07‰ and –1.0 ± 0.06‰, at pH 7 and pH 9, respectively 

(Table 2), which indicate a normal isotope effect.

While, the obtained isotopic ratio values (δ13C) showed a more negative trend 

during the reaction process and with progressing reaction and decreasing amounts of 

the residual reactant in acidic condition (Fig. 7). The enrichment of 13C in residual PCA 

molecule in condition indicate that the process of oxidative degradation of PCA by 

SO4
•‒ was associated with a reverse carbon isotope effect. In control experiment for 300 

h, no PCA degradation were observed and constant δ13C (pH 3: −27.5 ± 0.1‰ and pH 

5: –27.7 ± 0.1‰) were obtained. The εC values were calculated to be 0.6  0.1‰ and 

1.1  0.17‰ at pH 3 and pH 5, respectively (Table 2).

Figure 6 here

The carbon isotope enrichment factors of PCA at the considered pH values were 

quantified using Rayleigh equation (Fig. 7), and high correlation coefficients, R2 ≥ 

0.9251, was exhibited by the Rayleigh regression of PCA for δ13C. The hydrolysis of 

PCA would potentially cause 13C enrichment in the residual fraction associated with a 

normal carbon isotope effect. The control experiments however show no decrease in 

PCA concentration or enrichment of δ13C (Fig. S2 and Fig. S3) demonstrating the 

hydrolysis do not take place under acidic and alkaline conditions in the time frame of 



19

the experiment. Thus, the isotope fractionation was due to the free radical-based 

oxidative degradation reaction with a normal isotope effect when •OH is dominant and 

an inverse isotope effect when SO4
•‒ is the primary reacting radical. 

Figure 7 here

Even though, the inverse C isotope fractionation is not common in free radical-

based degradations of organic pollutants and rarely reported in the literature[75-77], the 

observed inverse C isotope fractionation of PCA might be understood as an indication 

for increased bonding to C in the rate-limiting step of the reaction [78]. However, 

previous study has shown that direct photolysis of atrazine can cause inverse C isotope 

fractionation, which may be due to the magnetic isotope effect produced by the 

interaction of spin-carrying nuclei with unpaired electrons [79]. In addition, Elsner et 

al. [80] reported that changes in solution pH and the ion species in the reaction system 

can affect magnetic isotope effects, significantly. Thus, the acidic conditions (pH 3 and 

pH 5) and different free radicals may affect magnetic effects of PCA.

3.6. Apparent kinetic isotope effects of PCA with •OH and SO4
•‒

The main intermediate products in the PCA/PS reaction system are different in acidic 

(pH, <7) and alkaline (pH, >7) conditions as showed in Fig. S4. Based on the main 

identified intermediate products, chloro-4-nitroso-benzene and p-benzoquinone have 

been found in all study conditions, the attack of SO4
•‒ on the N–H bond of PCA to 

produce intermediate which then attacked by •OH and deamination to form 1-chloro-4-
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nitroso-benzene and p-benzoquinone are assumed to be the reaction mechanism in all 

studied pHs[30]. The possible degradation pathway is shown in Scheme 1.

According to the identified intermediate product, 4-amino-phenol, in acidic 

condition, the main reaction mechanism is assumed to be through the attack of C–Cl 

bond on the benzene ring of PCA by the •OH. As shown in Scheme 2[81], direct 

photolysis of PCA may lead to the heterolytic dechlorination of excited state of PCA 

species and generate 3,4-iminocyclohexa-2,5-dienylidene which then subsequently 

react with H2O, that is the addition of H2O, to form 4-amino-phenol. A reverse carbon 

isotope effect was observed under acid condition in this study, the SO4
•‒ might attack 

the C-Cl bond in a complex reaction forming a radical by cleaving the C-Cl bond and 

the radical further react with water forming an alcohol. When the rate limiting step is 

the formation of the HO-C bond lighter isotope of the potential intermediate may react 

faster leading to a small inverse isotope effect in the overall reaction. This hypothesis 

might explain the reverse isotope fractionation during dechlorination in acidic PS 

systems.

The possible secondary product, 2-amino-5-chlorophenol has been found under 

neutral and alkaline conditions in this study. The abstraction of H from the aromatic 

ring is a typical preferential reaction of •OH with a high rate constant, and has been 

observed in reaction with OH radicals before[30, 42]. We speculate that the reaction 

mechanism under neutral and alkaline conditions is dominant and lead to low normal 

isotope effect (Scheme 3). 

Hydroxyl radicals can react with organic contaminants in aqueous solutions by the 
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following three pathways. (i) The •OH addition to an aromatic ring or other unsaturated 

bond of the target compound leading to the radical adducts formation (RAF) which is 

considered to be the kinetically favored reaction of •OH with aromatic rings. (ii) The 

hydrogen abstraction by H atom transfer from the target compound to •OH and 

formation of a radical which is subsequently hydroxylated. (iii) The single transfer of 

an electron to the substrate catalyzed by •OH (SET) [82]. The 2-amino-5-chlorophenol 

detected in the PS/PCA reaction system shows the addition of •OH to the benzene ring 

of PCA. Therefore, we speculate that radical adducts formation (RAF) is the main 

reaction mechanism under PS/PCA alkaline conditions. Previous studies have shown 

that the AKIEC for the oxidation reaction of C-H bond cleavage, yield in the range of 

1.01-1.03 [83]. Apparent kinetic isotope effect for carbon (13C-AKIE) has been 

calculated based on the obtained carbon isotopic fractionation [78, 84]. For PCA, AKIEC 

was computed using n = 6, x = 1 and z = 1 and the AKIEC values at different pH are 

summarized in Table 2. Compared with other literature values, the 13C-AKIE values of 

PCA in the PS/PCA system at neutral and alkaline conditions (pH 7 and 9) were all 

within the expected KIE range of C-H bond cleavage (KIEC: 1.01–1.03), which suggest 

that the C-H bond cleavage is the initial reaction step [85, 86]. The side reaction to 

chloro-4-nitroso-benzene and coupling products (scheme 1 and 3) are unlikely to yield 

primary carbon isotope effects. 

The single electron transfer is the dominating probably the mechanisms of SO4
•‒ 

with p-chloroaniline (scheme 2) leading to slightly inverse C isotope effects. The 

reaction mechanism. SO4
•‒ may attack at the amino group which may not lead to a 
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primary carbon isotope effect or we speculate on a complex dechlorinating reaction 

where bond change at carbon atom is not rate limiting in the transition stage. Inverse C 

isotope effects has been observed in photochemical reaction due to cleavages of 

halogen-carbon bonds[87]. The increased C−C bond strength of the isotopically 

substituted reaction intermediates may support chlorine elimination in the transition 

stage and lead to inverse isotope fractionation. 

In previous studies, the researchers simply detecting the types of degradation 

products in the reaction system and speculating on the possible degradation pathways 

in the reaction process, which could not distinguish the chemical bond breaks of target 

pollutants under different pHs and reaction conditions[42, 43, 47, 88]. Compound specific 

isotope analysis have been used to characterize degradation mechanisms of p-

chloroaniline by persulfate in different pHs at ambient temperature. The carbon isotope 

fractionation characteristics and apparent kinetic isotope effects have been used to 

characterize the chemical bond cleavage and degradation mechanism of PCA in the 

PS/PCA/natural -light system, which more clearly reflects the environmental fate of 

PCA in the studied system (Scheme 1, Scheme 2 and Scheme 3).
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Scheme 3. Pathways of oxidation degradation by PS of PCA at ambient temperature in 

neutral and alkaline conditions (pH 7, pH 9).

The isotope fractionation study suggest that SET is the dominating pathway at 

acidic conditions and at neutral and alkaline conditions the mechanism shift to the RAF 

pathway. This implies that the formation of •OH become dominant which is in-line 

with the hypothesis that RAF is a kinetically favored reaction. 
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3.7. Specific oxidant efficiency (SOE) and cost evaluation 

The specific oxidant efficiency (SOE) result show that the COD removal rate per 

PS consumption are 0.20 g/mM, 0.21 g/mM, 0.39 g/mM and 0.31 g/mM under pH 3, 

5, 7 and 9 in the PCA/PS/natural-light system, respectively, which indicate that the 

PCA/PS/natural-light system has a higher specific oxidant efficiency in neutral 

condition.

The cost evaluation of persulfate processes was made and the price of persulfate 

is 0.12 dollar /g (based on the price obtained from Aladdin Chemical Reagent Co., Ltd). 

Under the conditions for persulfate process in this study, the total cost of persulfate 

process was 1.88 RMB, for removing 0.8 mM PCA. This study aims to study the isotope 

fractionation characteristics of PCA in the PCA/PS/solar-light system, and then to study 

its degradation mechanism. In order to obtain sufficient and stable carbon isotope signal 

values, the initial concentration of PCA is set at 0.8 mM, and the concentration of PCA 

in the environmental medium will not reach such a high level. In addition, persulfate is 

easier to store and transport than hydrogen peroxide. Therefore, it is economical and 

feasible to degrade PCA with sodium persulfate [89, 90]. 

4. Conclusion

In this work, the degradation of PCA by PS was investigated at ambient temperature in 

different conditions (pH, 3, 5, 7 and 9). The study results indicated that the pH of the 

reaction system greatly affects the degradation rate of PCA, and the degradation process 
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can be described by first-order kinetics. The optimum condition for the degradation of 

PCA was pH 7. Four main intermediates were detected by GC-MS and identified as 1-

chloro-4-nitroso-benzene, p-benzoquinone, 4-amino-phenol, and 2-amino-5-

chlorophenol, respectively. CSIA was used to evaluate the free radical degradation of 

PCA. Small 13C isotope enrichment in the residual PCA at pH 7 and pH 9, and small 

inverse 13C isotope fractionation was obtained at pH 3 and pH 5. Combining the 

intermediate products and carbon isotope fractionation, the possible degradation 

mechanisms in PS/PCA system have been discussed. Carbon isotope fractionation 

model is of great importance to assess the degradation pathways of pollutants (e.g. PCA) 

during in situ remediation. The results of this work provide an important basis for 

understanding the degradation mechanisms of PCA with SO4
•‒ and •OH radicals 

produced from persulfate in aqueous solutions at ambient temperature.
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List of Tables

Table 1 Chemical Waste Toxicity Categories

Toxic Category Fish(ppm)  LC50

X <0.01
A 0.01-<0.1
B 0.1-<1
C 1.0-<10
D 10.0-100.0

Table 2. Degradation kinetic and carbon isotope fractionation parameters of PCA during chemical oxidation in PS/PCA system.

pH Dominant radical/s k (h–1) Half-life (h) R2 εC

(‰)
13C-AKIE

3 SO4
•‒ 0.026 26.66 0.93 0.60.10 0.9996

5 SO4
•‒ 0.036 19.15 0.93 1.10.17 0.9993

7 SO4
•‒, •OH 0.075 9.19 0.96 –0.80.07 1.01

9 •OH 0.050 13.95 0.93 –1.00.06 1.01
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Table 3. Toxicity results of PCA and its transformation products produced in the PCA/PS/natural-light system and PCA using ECOSAR 

program

Acute toxicity(mg/L) Chronic toxicity(mg/L)No
.

Compounds CAS Formula
Fish 

(LC50)
Daphnia 
(LC50) 

Green Algae 
(EC50)

Fish 
(LC50)

Daphnia 
(LC50) 

Green Algae 
(EC50)

1 2-amino-5-chlorophenol 28443-50-7 C6H6ClNO - - -
2 1-chloro-4-nitroso-

benzene
100-00-5 C6H4ClNO2 50.5 29.9 26.5 5.19 3.28 7.62

3 p-benzoquinone 106-51-4 C6H4O2 0.095 0.0738 0.047 0.0091 4.87 0.011
4 4-amino-phenol 123-30-8 C6H7NO - - - - - -
5 p-chloroaniline 106-47-8 C6H6ClN 20.9 1.56 4.27 0.0236 0.019 1.31
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Fig. 3. Reaction of PCA in PCA/PS system with the presence of TBA or Methanol. 

[PCA]0 = 0.8 mM; [PS]0 = 40 mM. [TBA or Methanol]0/PCA=1000/1

Fig. 4. Electron paramagnetic resonance (EPR) spectra at pH 3, pH 5, pH 7, pH 9 in 

PCA/PS system. 

Fig. 5. Evaluation of the transformation products (A), degradation rates of TOC (B) 

and PCA (C) in the PCA/PS system under different pH. [PCA]0 = 0.8 mM; [PS]0 = 40 

mM.

Fig. 6. PCA transformation during chemical oxidation at pH = 3, 5, 7, and 9. The 

remaining fraction of substrate (Ct/C0 signified by black squares) vs carbon (red 

circles) isotope signatures are shown. Uncertainties of isotope analysis represent 

standard deviations of triplicate measurements.
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Fig. 7. Rayleigh regression of carbon isotope data during the oxidation of PCA with 

PS at different pHs.
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Fig.1. Effect of pH on the degradation of PCA in PS system. [PCA]0 = 0.8 mM; [PS]0 

= 40 mM. 
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Fig. 2. The decomposition of PS under different pH conditions in PCA/PS system. 

[PCA]0 = 0.8 mM; [PS]0 = 40 mM.
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Fig. 3. Reaction of PCA in PCA/PS system with the presence of TBA or methanol. [PCA]0 = 0.8 mM; [PS]0 = 40 mM. [TBA or 

methanol]0/PCA=1000/1. 
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Fig. 4. Electron paramagnetic resonance (EPR) spectra at pH 3, pH 5, pH 7, pH 9 in PCA/PS system. 
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Fig. 5. Evaluation of the transformation products (A), degradation of TOC (B) and 

PCA (C) in the PCA/PS system under different pH. [PCA]0 = 0.8 mM; [PS]0 = 40 

mM

 



44

Fig. 6. PCA transformation during chemical oxidation at pH = 3, 5, 7, and 9. The remaining fraction of substrate (Ct/C0 signified by black squares) 

vs carbon (red circles) isotope signatures are shown. Uncertainties of isotope analysis represent standard deviations of triplicate measurements.
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Fig. 7. Rayleigh regression of carbon isotope data during the oxidation of PCA with 

PS at different pHs.

Research Highlights

 In light activated PS system, PCA degradation is fastest under neutral conditions.

 Isotopic substitution support Cl removal and cause inverse isotope fractionation. 

 AKIEC values of PCA indicate C-H bond cleavage in alkaline and neutral 

conditions.

 The reaction mechanism is by •OH addition to the PCA aromatic ring.


