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Abstract

This study investigated the reductive initiation for the depletion of highly oxidized/perhalogenated 

pollutants, specifically the degradation of carbon tetrachloride (CT) was induced by adding 

methanol (MeOH) into a ferrous ion (Fe(II)) activated calcium peroxide (CaO2) system. The 

results indicated that CT could be completely degraded within 20 min at CaO2/Fe(II)/MeOH/CT 

molar ratio of 30/40/10/1 in this system. Scavenging tests suggested that both superoxide radical 

anion (O2
•−) and carbon dioxide radical anion (CO2

•−) were predominant reactive species 

responsible for CT destruction. Hydroxymethyl radicals (•CH2OH), an intermediate in the 

transformation of MeOH, could also initiate CT degradation by reducing C-Cl bond. GC/MS 

analysis identified CHCl3, C2Cl4, and C2Cl6 as the intermediates accompanied by CT destruction, 

and a reduction mechanism for CT degradation was proposed accordingly. In addition, the impact 

of solution matrix and initial solution pH were evaluated, and the results showed that Cl−, NO3
−, 

and HCO3
− had adverse effects on CT degradation. Moreover, the alkaline condition was 

unfavorable to CT depletion. In conclusion, the results obtained in the actual groundwater tests 

encouragingly demonstrated that the CaO2/Fe(II)/MeOH process is a highly promising technique 

for the remediation of CT-contaminated groundwater.
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1. Introduction

Halogenated aliphatic hydrocarbon organic compounds, which are frequently detected in the 

environment, are toxic, mutagenic, and generally resistant to complete microbiological 

degradation, hence, possess long environmental impacts. Carbon tetrachloride (CT), a 

typical perchlorinated aliphatic hydrocarbon, was widely utilized in the past as a cleaning 

solvent, flame retardant, refrigerant, and intermediate for industrial products [1]. The 

occurrence of CT in groundwater has received much attention because of its high toxicity, 

environmental persistence, and relatively high solubility (800 mg L−1 at 20°C). CT is highly 

harmful to liver, lungs and kidneys, and has been classified as a 2B carcinogenic compound 

by the International Agency for Research on Cancer (IARC) [2] and, hence, the maximum 

allowable concentration in groundwater is regulated at 0.005 mg L−1 [3].

Advanced oxidation processes (AOPs) with persulfate, ozone, permanganate, and hydrogen 

peroxide (H2O2) have been widely applied to sites remediation contaminated by organic 

compounds. Reactive oxygen species (ROSs) generated in these AOPs, including S2O8
2− 

(E0 = 2.01 V), O3 (E0 = 2.1 V), MnO4
− (E0 = 1.7 V), OH (E0 = 2.7 V), are strong oxidants 

and can degrade multiple unsaturated organics including halogenated aliphatic compounds, 

halogenated aromatic compounds, and benzene, toluene, ethylbenzene and xylene (BTEX) 

[3]. However, highly oxidized/perhalogenated organic pollutants, such as 

hexachlorobenzene, bromotrifluoromethane, and CT, are hardly degraded by these oxidants 

due to the inefficient reaction between oxidants and C-Cl bonds. Therefore, the use of 

reduction-based technique will be an alternative approach that is more effective for the 

degradation of these contaminants.

It is well documented that superoxide radical anion (O2
•−, E0 = −2.4 V) [4], carbon dioxide 

radical anion (CO2
•−, E0 = −2.0 V) [5], and excited electron [6] have the potential to transfer 

an electron to C-Cl bonds, therefore contributing to effective CT destruction. Thus, it is 

essential to generate these reductants and keep them full activity in the system aiming to 

destruct these oxidized/perhalogenated organic pollutants. O2
•−, as a reductive species, can 

be easily generated in catalytic hydrogen peroxide (CHP) process (reactions 1–3) [4]. 

Unfortunately, it is found that O2
•− is unstable and has very short life-time because of rapid 

disproportionation through reaction 4 [7], and hence it is considered incapable of reducing 

CT in solution at low concentration. In contrast, Smith et al found that increasing H2O2 

concentration (>0.1 mol L−1) or adding organic solvents like ethanol, acetone or other 

aprotic solvents could significantly strengthen the reactivity of O2
•− due to solvent effects [4, 

8]. However, high H2O2 concentrations are typically difficult to maintain for subsurface 

environments, and it also poses issues for handling and implementation. Conversely, the use 

of small quantities of biodegradable solvents is an effective and practical option for 

promotion of reductive treatment of recalcitrant pollutants. In addition, adding solvents to 

the CHP process may also produce other reductants that are favorable for reduction of 

oxidized/perhalogenated organics.

H2O2 + Fe2 + Fe3 + + OH• + OH− k = 76 M−1 s−1 (1)
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H2O2 + OH• H2O + HO2
• k = 5.0 × 107 M−1 s−1 (2)

HO2
• H+ + O2

• − k = 1.58 × 105 M−1 s−1 (3)

2O2
• − + H2O O2 + HO2

− + OH− (4)

α-hydroxyalkyl radical (R•CHOH), generated from the reaction of aliphatic alcohols with 

OH• (reaction 5), is an organic reducing radical that can also transfer an electron to C-Cl 

bonds [9, 10]. Our previous work has confirmed that hydroxyethyl radical (•CHCH3OH) 

could be generated in the Fe(II)-activated calcium peroxide (CaO2) system in the presence 

of ethanol, and concomitantly CT was observed to be completely degraded [11]. According 

to the chain reactions 1–5, though they cannot directly reflect action with CT, massive H2O2 

and OH• are important factors for CT reduction because H2O2 and OH• was produced 

initially and acted as precursor to generate the reducing species, O2
•− and R•UHOH. CaO2 

as a green chemical agent is generally recognized as an effective solid H2O2 and O2 release 

resource and, hence widely used in in-site chemical oxidation remediation and biological 

wastewater treatment practices [12]. Compared with liquid H2O2, CaO2 is demonstrated 

more effective because of regular H2O2 release (reaction 6) [13]. Therefore, in this work, 

CaO2 was adopted to release H2O2 and later initiated to generate OH• under the aid of Fe(II) 

activation, and meanwhile, the selected aliphatic alcohol methanol (MeOH) was used for the 

enhancement of reducing radical’s generation.

RCH2OH + OH• R•CHOH + H2O (5)

CaO2 + 2H2O H2O2 + Ca(OH)2 (6)

Though the use of alcohol amendment for promoting reduction of chlorinated aliphatic 

compounds has been confirmed, the reaction mechanism of CT degradation under Fe(II)- 

activated CaO2 with MeOH remains unclear. Hence, the purposes of this work are (1) to 

compare the CT degradation in the CaO2/Fe(II) system without or with the presence of 

MeOH, (2) to explore the main radicals responsible for CT destruction, (3) to propose 

possible CT degradation pathway, and (4) to evaluate the application of the CaO2/Fe(II)/

MeOH process for CT degradation in an actual groundwater remediation.
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2. Materials and methods

2.1. Materials and analytical methods

All the materials and analytical methods adopted were provided in Supplementary Material 

(Text S1 and S2).

2.2. Experimental procedures

The CT stock solutions (1.3 mmol L−1) were prepared by equilibrating the pure non-aqueous 

phase liquid CT with Milli-Q water or actual groundwater under gentle stirring for 2 h. Then 

the CT Stock solution was added into a 250 mL cylindrical glass reactor (an inner diameter 

of 6.0 cm and a height of 9 cm) with two openings at the top: one for dosing and the other 

for sampling. Subsequently, the predetermined amounts of FeSO4·7H2O and MeOH were 

added into the reactor. The initial solution pH was unadjusted with the exception of 

experiments for assessing the pH influence, in which the initial solution pH was adjusted 

with NaOH (0.1 mol L−1) or H2SO4 (0.1 mol L−1). The addition of anions and other 

reagents were then fulfilled. A thermostat circulating water bath (DC, Ningbo, China) was 

utilized to control the temperature at 20 ± 0.5°C, and a magnetic stirrer was used to keep the 

uniformity of mixtures in the aqueous solution. The reaction was then initiated by adding the 

desired CaO2 dosage. Control tests were conducted in the absence of CaO2 condition. At the 

determined time, 1 mL solution was transferred to a brown bottle containing 1 mL n-hexane 

to stop the reaction before analysis. In order to identify the reactive species for CT 

degradation, isopropanol (IPA), 1,4-benzoquinone (BQ), and methyl viologen dichloride 

(MV2+) as radical scavengers were applied in the scavenging tests to observe CT 

degradation changes. Each test was conducted at least in triplicate with the standard 

deviations below 5%. The average values were used for all presentation and discussion.

3. Results and discussion

3.1. Enhancement of CT degradation in the Fe(II)-activated CaO2 system by MeOH

The comparison of CT degradation in the Fe(II)-activated CaO2 system without and with the 

presence of MeOH were performed, and the results were presented in Fig. 1. Control tests 

without CaO2 showed less than 6.5% CT loss due to volatilization and other mass loss 

reason during the test period. As shown in Fig. 1a, CT degradation was minimal under low 

chemical dosages when the amounts of CaO2 and Fe(II) were set equal. However, when the 

oxidants was increased to much higher than the Fe(II) dosage, greater removal of CT was 

observed with 25% of CT reduction at the CaO2/Fe(II)/CT molar ratio of 300/30/1. It was 

noted that CT removal efficiencies were continuously increased to 31% and 59% when the 

dosages were further raised to 600/60/1 and 900/90/1, respectively.

In general, the CaO2/Fe(II) system favored unsaturated organic pollutant degradation owing 

to its high oxidation of OH• [3, 14, 15]. But in this work, the reason for CT degradation 

should differ from those because CT depletion was only reached at remarkably higher CaO2 

dosage condition. Theoretically, when the amount of CaO2 equals to Fe(II), ROS production, 

mainly OH• and minor O2
•−, would be maximized based on the stoichiometric quantities of 

reactions 1–3. To the best of our knowledge, the reactions of OH• with C-Cl bonds are 
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recognized as relatively inefficient, in contrast, the reactions of O2
•− with C-Cl bonds are 

more feasible through electron transfer. However, O2
•− is characterized as minimal reactivity 

in aqueous solution due to its high solvation by water molecules, which accelerates its rapid 

disproportionation forming O2 and HO2
•−. Teel and Watts [8] reported that high 

concentrations of H2O2 can improve the solvation sphere surrounding O2
•− and thus reduce 

its disproportionation. In the experiments where the addition of CaO2 was much higher than 

Fe(II), H2O2 released from CaO2 gradually accumulated to a high concentration over the test 

period. Therefore the effect of high H2O2 on O2
•− caused hyperactive O2

•− and thus favored 

CT degradation. However, the drawbacks with such high CaO2 caused elevation of solution 

pH, in turn, hampered more H2O2 release from CaO2, and at the same time produced a large 

amount of O2 [16] which was unconducive to CT degradation. In addition, the operation 

costs of the use of high CaO2 concentration would be costly and impractical for field-scale 

CT remediation.

Compared with the CaO2/Fe(II) system, the CaO2/Fe(II)/MeOH process presented 

significant enhancement in CT depletion (Fig. 1b). CT removal efficiencies of 18%, 35% 

and 83% were obtained at the CaO2/Fe(II)/MeOH/CT molar ratios of 10/10/2/1, 20/20/4/1, 

and 30/30/6/1 within 20 min, respectively, while no CT degradation occurred at the same 

CaO2 and Fe(II) dosages without MeOH addition. Based on the literatures [8, 17], the 

addition of MeOH promoted CT removal in two ways. On one hand, MeOH addition 

improved the circumstance surrounding O2
•− through a mixture of MeOH and water 

molecules, which reduced O2
•− disproportionation and improved its reactivity in aqueous 

solution. On the other hand, MeOH generated other reducing species responsible for CT 

degradation through the reaction between OH• and MeOH. As aforementioned, a large 

amount of H2O2 released by CaO2 may play a similar action in increasing O2
•− reactivity 

through the solvent effect, but the strength was weaker than MeOH. Overall, the greater O2
•− 

reactivity and other generated reactive reducing species were the reasons for remarkable CT 

degradation in the CaO2/Fe(II)/MeOH process. Similar tests were repeated by adding equi-

molar concentration of acetone (CP) and dimethyl sulfoxide (DMSO) separately. The results 

showed that CT degradation was also increased to 25% and 36% by CP and DMSO, 

respectively (Fig. S1). In a word, these results strongly indicated the positive contribution 

and potential of small- molecule organic compounds in enhancement of CT degradation.

Additional experiments were further conducted to explore the effect of various CaO2, Fe(II) 

or MeOH dosages on CT degradation, and the results described briefly in Text S3 and Fig. 

S2 showed that the CaO2/Fe(II)/MeOH/CT molar ratio of 30/40/10/1 was most suitable for 

CT removal with over 99% CT depletion. Overall, these significantly encouraging results 

were obtained by the CaO2/Fe(II)/MeOH process in this study, which is of great interest to 

researchers for further indentifying MeOH function in CT degradation mechanism.

3.2. Identification of main reactive species for CT degradation in the CaO2/Fe(II)/MeOH 
system

OH• and O2
•− are easily generated in the Fe(II)-activated CaO2 process [14], and their roles 

in CT degradation need to be confirmed. Taking into account that CO2
•−, an intermediate 

during the mineralization of MeOH, can also reduce C-Cl bonds readily [17], the function of 
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CO2
•− also requires clarification of its contribution to CT removal. Therefore, CT 

degradation performance was tested both in the absence and presence of appropriate 

quenchers of these species, individually. The scavengers applied were as below: IPA for OH• 

(k OH• = 3.0 × 109 M−1 s−1) [4, 18], BQ for O2
•− (k O2•− = 9.6 × 108 M−1 s−1) [19] and 

MV2+ for CO2
•− (k CO2•− = (6.3 ±0.7) × 109 M−1 s−1) [20], and the results of scavenging 

tests were shown in Fig. 2.

Over 99% of CT was degraded with the addition of excess IPA in the initial 3 min, while 

84% of CT was removed in the absence of the scavenger (Fig. 2a). A small enhancement 

caused by IPA not only confirmed that OH• was not the reactant contributing to direct 

destruction of CT, but also figured out that IPA played a similar role as MeOH in CT 

degradation, which consisted with reports in other literatures [8, 19, 21]. Since the 

concentration of IPA was more than 10 fold higher than that of MeOH, IPA might play a 

major part in reductants formation and reactivity, thereby causing faster CT removal. The 

results of O2
•− scavenging tests with BQ were presented in Fig. 2b. The removal of CT 

decreased from 93% to 37% and 29%, respectively, in the presence of 15 and 30 mmol L−1 

of BQ. Teel and Watts adapted excess chloroform (CF) as O2
•− scavenger in a modified 

Fenton’s reaction and observed that CT degradation was decreased to a minimum level, thus 

indicating that O2
•− was a main reactive species for CT destruction [4]. Similarly, Xu et al 

also identified that O2
•− contributed to CT degradation in the thermally activated persulfate 

system through a BQ scavenging test [19]. The inhibition by O2
•− scavenger in this work 

strongly suggested that O2
•− played a significant role in CT destruction in the CaO2/Fe(II)/

MeOH system. Since CO2
•− was probably involved in the oxidation of MeOH by OH• in the 

CaO2/Fe(II)/MeOH system according to the literatures [17, 22], CO2
•− scavenging test was 

also carried out to confirm its function. As presented in Fig. 2c, an obvious inhibition on CT 

removal appeared in the scavenging tests with MV2+. 62% and 75% drop in CT removal 

were observed in the tests with 0.15 and 1.5 mmol L−1 MV2+, respectively. The performance 

that the removal of CT was quenched along with the addition of CO2
•− scavenger further 

indirectly demonstrated that CO2
•−, possibly generated through reaction 7, was one of the 

active species for the degradation of CT in the CaO2/Fe(II)/MeOH process.

CH3OH + H2O2/OH• CO2
• − + H2O (7)

Besides O2
•− and CO2

•−, hydroxymethyl radical •CH2OH) generated between the reaction of 

MeOH and OH• (reaction 8) can also transfer an electron to C-Cl bonds, which was the 

intrinsic cause for CT destruction [23]. We have observed hydroxyethyl radical by electron 

paramagnetic resonance (EPR) technique in the Fe(II)-activated CaO2 system in the 

presence of ethanol [11]. Therefore, the EPR technique was similarly applied in this work. 

However, the signal of •CH2OH was not detected due to the difficulty in distinguishing its 

weak response values in this work. Nevertheless, •CH2OH should still be deduced as a 

reactive species for CT degradation in the CaO2/Fe(II)/MeOH system. Overall, the reactive 

reducing radicals including O2
•−, CO2

•−, and •CH2OH were directly involved in the 

reductive destruction of CT, while OH• might played an indirect role by controlling the yield 

of these reductants.
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CH3OH + OH• •CH2OH + H2O k = 9.7 × 108 M−1 s−1 (8)

3.3. Mechanism of CT reduction in the CaO2/Fe(II)/MeOH system

Based on the outstanding CT depletion performance, the intermediates, including the 

volatile chlorinated organics and chloride ions in solution were further investigated to reveal 

the pathway of CT destruction through GC/MS and ion chromatography analyses. 

Chloroform (CF), hexachloroethane (HCA), and tetrachloroethene (PCE) were identified by 

GC/MS analyses and regarded as the chlorinated organic intermediates as presented in Fig. 

S3. Further experiments showed that all three of the chlorinated intermediates were 

produced within the initial 5 min reaction and subsequently degraded within later 15 min 

(Fig. 3). The generation and later elimination of CF, HCA, and PCE demonstrated that CT 

destruction might follow a multi-step process in system. Since CF, HCA and PCE were the 

main intermediates of CT, it was worthy to confirm the role of MeOH in the removal of 

these chlorinated products, individually. The results of CF, HCA, and PCE depletion in the 

Fe(II)- activated CaO2 system without or with the presence of MeOH were compared in Fig. 

S4. It suggested that the CaO2/Fe(II)/MeOH process is also suitable for HCA degradation, 

but not favorable for PCE which should be more amenable to an oxidation process instead of 

a reductive one [24, 25]. Meanwhile, CF is minimally degraded by the two systems.

The amounts of the chlorinated organic intermediates produced along with CT degradation 

were detected by GC/MS, and it was found that their contents were far less than the amount 

of CT depleted. Besides chlorinated organics, the Cl− concentration in solution was also 

monitored in the experiment along with the CT depletion by ion chromatography in order to 

check the extent of CT mineralization. Cl− released in solution at maximum represented 

85% of total theoretical Cl− formation, suggesting that CT dechlorination performed well in 

the CaO2/Fe(II)/MeOH process. The Cl balance was quantified by combining the amount of 

the chlorinated organic intermediates produced and the Cl− released from CT compound 

(Fig. 4). The theoretical quantity of Cl in parent CT was regarded as the total amount of Cl 

in system (100%), which was shared by four parts: (1) Cl in CT compound, (2) Cl in 

chlorinated organic intermediates, (3) Cl released in solution and, (4) unknown Cl. As it can 

be seen, Cl content in chlorinated organic intermediates was much less, while Cl released in 

solution appeared larger and increased gradually versus CT degradation. The unknown Cl 

was caused by CT volatilization and other possible chlorinated-acid formation [17]. Since 

the addition of MeOH would increase the TOC level, which is a discouraging point in 

practical treatment, TOC analysis was conducted to evaluate the mineralization of MeOH. 

The final TOC was below 7.2 mg L−1 while the initial TOC value was 17.2 mg L−1.HCHO, 

identified by GC/MS (showed in Fig. S3), was regarded as an oxidation product of MeOH, 

and it could be continually mineralized when considering that the theoretical organic carbon 

of CT only contributed to 1.6 mg L−1 of TOC in this process. Based on the literature [26], 

after a series of complex reactions with O2, H2O2 and OH•, HCHO would be transformed 

into HCOOH, which has been confirmed to produce CO2
•− under the aid of OH• [23, 27]. 

Unfortunately, the presence of HCOOH was not detected in the experiment, probably due to 

its low concentration and short life-time. Although adding MeOH is indeed a risk for actual 
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groundwater, the fact that MeOH and its by-products showed less toxicity and favorable 

biodegradability compared with CT make it reasonable and acceptable. Nevertheless, more 

efforts are needed to improve the process and investigate the risk in actual remediation, and 

more environmentally friendly chemicals instead of MeOH will be focused on in our future 

work.

According to the above discussion, a CT degradation pathway was proposed for 

understanding the mechanisms involved (Fig. 5). In the first step, a series of OH•-based 

chain reactions generated the reductants including O2
•−, CO2

•−, and •CH2OH. Once the 

reductants were produced and the associated reactivity was maximized, all of the reductants 

attacked CT by transferring electron to C-Cl bonds yield •CCl3 (reactions 9–11), after that 
•CCl3 was continually dechlorinated to :CCl2 by these reductants. Finally, :CCl2 rapidly 

hydrolyzed to generate chlorinated-acid, Cl−, and CO2 under the influence of water 

molecule. It has to be mentioned that, accompanied with the formation of •CCl3 and :CCl2, 

recombination between them would yield HCA and PCE, and H-abstraction from MeOH by 
•CCl3 would form CF. But once the chlorinated organic intermediates yielded, all of them 

would be degraded subsequently to completion. The CT dechlorination pathway in this 

system was similar to that in other system [28–33] where Fe0, ascorbic acid, CO2
•−, Zn0 and 

other reactive species acted as the electron donor transferring an electron to C-Cl bonds, but 

the quantity and evolution of the intermediates were different.

CCl4 + O2
• − •CCl3 + Cl− + O2 (9)

CCl4 + •CH2OH •CCl3 + HCHO + Cl− + H+ (10)

CCl4 + CO2
• − •CCl3 + CO2 + Cl− + H+ (11)

As aforementioned, CT could be destructed by high CaO2 concentration, and therefore we 

also carried out the experiments to evaluate the intermediate of CT in Fe(II)-activated CaO2 

system in the absence of MeOH. The results presented in Fig. 6 showed that CT depletion 

was accompanied with significant CF formation even at complete CT destruction in 260 

mmol L−1 CaO2 dosage. Since CF appears more persistent and toxic than CT in the 

environment [34], and considering the difference of CT degradation effectiveness as well as 

the intermediates evolution in the CaO2/Fe(II) and CaO2/Fe(II)/MeOH processes, our study 

strongly suggested that the CaO2/Fe(II)/MeOH process possesses much more advantageous 

than the CaO2/Fe(II) process. In addition, MeOH addition would also increase the CT 

solubility at actual CT DNAPLs contaminated sites, which will be benefit for CT reaction. 

Since ethanol has the similar ability to enhance CT destruction [11], the comparison of CT 

degradation in the CaO2/Fe(II) system with the presence ethanol and MeOH were performed 

and the results were presented in Fig. S5. Although the enhancement of ethanol on CT 
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degradation seemed to be better than MeOH, ethanol used in the CaO2/Fe(II)/CT process 

would cause more complex intermediates like 1,1,1-trichloroethane and 1,1-

dichloroethylene. In addition, TOC caused by ethanol would be double when compared to 

MeOH. Based upon the above two aspects, MeOH has obviously comparative advantage 

compared to ethanol in practical remediation.

3.4. CT degradation performance in actual groundwater application

Although CT degradation was effective in ultrapure water condition, it was critical to carry 

out further test to assess CT degradation in actual groundwater because the solution matrix 

including inorganic anions (such as NO3
−, Cl−, SO4

2−, and HCO3
−), solution pH, and 

natural organic matter (NOM) can affect the category and intensity of reactive species, and 

ultimately influence overall remediation effectiveness [35, 36]. Hence, the experiments were 

further conducted to evaluate the effect of solution matrix individually, and finally using the 

actual groundwater (Table S1) to assess the applicability of the CaO2/Fe(II)/MeOH process 

for actual CT contaminated groundwater remediation.

3.4.1 Effect of inorganic anions, initial solution pH and NOM—As shown in Fig. 

7a and b, NO3
− and Cl− had a slight suppression on CT removal, whereas the effect of 

SO4
2− was found to be negligible (Fig. 7c), meanwhile HCO3

− had an obvious inhibitive 

effect (Fig. 7d). Hasan et al. confirmed that solvated electrons could be produced by 

decomposition of H2O2 [37], and similarly here, it was speculated that solvated electrons 

were also generated and were responsible for CT destruction. Since high concentration of 

NO3
− was a stronger scavenger of solvated electrons [18], the presence of NO3

− would 

reduce CT depletion in terms of hampering solvated electrons-based reduction. Moreover, 

NO3
− might also compete with CT for other reductants. The presence of Cl− also suppressed 

CT degradation, and the inhibitory effect was slightly higher than NO3
−. An approximate 

7% drop in CT removal was observed when Cl− concentration was 100 mmol L−1 The 

reasons for this inhibitive effect were that Cl− could scavenge the precursor OH• for the 

reductants through reaction 12 [38], and consume O2
•− through competing reaction (reaction 

13) [39]. Although NO3
− and Cl− only appeared slight inhibition in this work, a higher 

concentration of their presence would obviously suppress CT degradation. Compared with 

NO3
− and Cl−, a much more significantly inhibitive influence occurred in the presence of 

HCO3
−. CT degradation efficiency was reduced to 20% and 15% with the addition of 10 and 

100 mmol L−1 HCO3
−, respectively. The main reasons were as follow: (1) the presence of 

HCO3
− would increase the solution pH and buffering capacity which were unfavorable to 

CT destruction (discussion in later section). (2) HCO3
− could sweep OH• through reactions 

14 and 15 [40], which was emphasized to be vital for reductants formation in the system. (3) 

HCO3
− could directly consume O2

•− and CO2
•− via reactions 16 and 17 [41, 42].

Cl− + OH• ClOH • − (12)
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Cl− + O2
• − product (13)

HCO3
− + OH• CO3

• − + H2O (14)

HCO3
− + OH• HCO3

− + OH− (15)

HCO3
− + O2

• − HO2
− + CO3

• − (16)

HCO3
− + CO2

• − HCO2
− + CO3

• − (17)

As depicted in Fig. 7e, it was apparent that CT depletion was greater at acidic pH range from 

3.0–6.0, whereas CT depletion was markedly suppressed at pH over 7.0. This phenomenon 

was caused by the following three reasons. First, a high solution pH encouraged Fe(II) 

precipitation, and thus blocked the chain reaction of reducing species generation. Second, 

the elevated solution pH constrained H2O2 release from CaO2 dissolution [16]. Third, the 

reactivity of ROSs involved in this process was also influenced by high pH condition. It is 

noted that a slightly inhibitory effect could also appear at pH<3, and this result was due to 

the relatively low reaction rate between Fe(II) and H2O2 [43]. Although CT degradation 

performed well in acidic pH range from 3.0–6.0 in this work, pH should still need to pay 

attention in practical application because the actual groundwater, in general, has a high pH 

buffering capacity.

Fig. 7f showed a significant inhibitive effect on CT degradation by humic acid (HA), a main 

fraction of NOM. CT degradation decreased by 28%, 22% and 16% in the initial 3 min 

when the addition of HA was 10, 50 and 100 mg L−1, respectively. On one hand, it has been 

documented that the presence of HA could consume OH• [44], which was vital for 

reductants formation in this work, therefore the diminution of OH• would hinder CT 

degradation ultimately. On the other hand, a slight alleviation of CT degradation inhibition 

with increasing the concentration of HA from 1.0 to 100 mg L−1 was speculated to be 

related to chelation of Fe(II) with HA [45].

3.4.2 The performance of CT degradation in actual groundwater—To validly 

evaluate the applicability of the CaO2/Fe(II)/MeOH process for actual groundwater 

remediation, tests were conducted using the actual groundwater. Fig. 8 shows the removal of 

CT in the actual groundwater when the CaO2/Fe(II)/MeOH/CT molar ratios were set at 
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30/40/10/1, 60/80/20/1, 120/160/40/1, 180/240/60/1 and 240/320/80/1, respectively. It was 

observed that CT degradation was greatly reduced in the actual groundwater compared to the 

complete CT depletion in ultrapure water system at the same chemical addition (30/40/10/1). 

This may be caused by the presence of various constituents in actual groundwater, such as 

the high anion contents of NO3
− (27.37 mg L−1), Cl− (35.73 mg L−1) and HCO3

− (251.31 

mg L−1), the pH buffer capacity (pH = 6.86), as well as high total organic carbon (20.59 mg 

L−1). Nevertheless, complete CT removal could still be achieved after a relatively longer 

reaction time by increasing dosages of reagents to 180/240/60/1, encouragingly suggesting 

that the CaO2/Fe(II)/MeOH process can be applied for remediation of CT contaminated 

groundwater.

4. Conclusions

In this work, the degradation of CT in the CaO2/Fe(II) system was greatly promoted by 

addition of MeOH. The optimal CT removal was achieved at the CaO2/Fe(II)/MeOH/CT 

molar ratio of 30/40/10/1. The enhancement of CT degradation by three other solvents, 

namely CP, DMSO, and IPA, indicated that small-molecule solvent amendment is a viable 

approach for CT remediation. Radical scavenger tests demonstrated that O2
•− and CO2

•− 

were the dominant species, and meanwhile •CH2OH, based on literature survey, was also 

regarded as a reductant responsible for CT degradation. The detected intermediates, CF, 

HCA and PCE, were quantitatively analyzed and a chlorine balance was calculated along 

with CT degradation, indicating that CT could be well mineralized. Moreover, a multi-step 

process for CT mineralization was proposed. The solution matrix tests showed that NO3
− 

and Cl− had a slight scavenging effect on CT depletion, whereas HCO3
− and HA had a 

significant inhibitive function. The CT removal performed well in weak acidic to nearly 

neutral pH condition. Finally, CT degradation in actual groundwater demonstrated that the 

CaO2/Fe(II)/MeOH process has a great potential for application in CT contaminated 

groundwater remediation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This study was financially supported by the International Academic Cooperation and Exchange Program of 
Shanghai Science and Technology Committee, China (NO. 18230722700). The contributions of Mark Brusseau 
were supported by the NIEHS Superfund Research Program (PS 42 ES04940).

References

[1]. Huang B, Lei C, Wei C, Zeng G, Chlorinated volatile organic compounds (Cl−VOCs) in 
environment-sources, potential human health impacts, and current remediation technologies, 
Environ. Int 71 (2014) 118–138. [PubMed: 25016450] 

[2]. International Agency for Research on Cancer, IARC Monographs on the Evaluation of 
Carcinogenic Risks to Humans. <http://monographs.iarc.fr/ENG/Classification/latest.classif.php> 
(accessed 08.2018)

[3]. Siegrist RL, Crimi M, Simpkin TJ, In Situ Chemical Oxidation for Groundwater Remediation, 
Serdp/estcp Environmental Remediation Technology, 2011.

Tang et al. Page 11

Chem Eng J. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://monographs.iarc.fr/ENG/Classification/latest.classif.php


[4]. Teel AL, Watts RJ, Degradation of carbon tetrachloride by modified Fenton’s reagent, J. Hazard. 
Mater B94 (2002) 179–189.

[5]. Gu X, Lu S, Fu X, Qiu Z, Sui Q, Guo X, Carbon dioxide radical anion-based UV/S2O82−/
HCOOH reductive process for carbon tetrachloride degradation in aqueous solution, Sep. Purif. 
Technol 172 (2017) 211–216.

[6]. Cho Y, Choi W, Lee CH, Hyeon T, Lee HI, Visible Light-Induced Degradation of Carbon 
Tetrachloride on Dye-Sensitized TiO2, Environ. Sci. Technol 35 (2001) 966–70. [PubMed: 
11351543] 

[7]. Singh PS, Evans DH, Study of the Electrochemical Reduction of Dioxygen in Acetonitrile in the 
Presence of Weak Acids, J. Phys. Chem 110 (2006) 637–644.

[8]. Smith BA, Teel AL, Watts RJ, Identification of the Reactive Oxygen Species Responsible for 
Carbon Tetrachloride Degradation in Modified Fenton’s Systems, Environ. Sci. Technol 38 
(2004) 5465–5469. [PubMed: 15543752] 

[9]. Peyton GR, Bell OJ, Girin E, Lefaivre MH, Reductive Destruction of Water Contaminants during 
Treatment with Hydroxyl Radical Processes, Environ. Sci. Technol 29 (1995) 1710–12. 
[PubMed: 22276900] 

[10]. Kan E, Koh CI, Lee K, Kang J, Decomposition of aqueous chlorinated contaminants by UV 
irradiation with H2O2, Front. Environ. Sci. Eng 9 (2015) 429–435.

[11]. Tang P, Jiang W, Lyu S, Qiu Z, Sui Q, Ethanol enhanced carbon tetrachloride degradation in 
Fe(II) activated calcium peroxide system, Sep. Purif. Technol 205 (2018) 105–112.

[12]. Zhang A, Shen X, Yin X, Li X, Liu Y, Application of calcium peroxide for efficient removal of 
triamcinolone acetonide from aqueous solutions: Mechanisms and products, Chem. Eng. J 345 
(2018) 594–603.

[13]. Wang H, Zhao Y, Li T, Chen Z, Wang Y, Qin C, Properties of calcium peroxide for release of 
hydrogen peroxide and oxygen: A kinetics study, Chem. Eng. J 303 (2016) 450–457.

[14]. Zhang X, Gu X, Lu S, Miao Z, Xu M, Fu X, Qiu Z, Sui Q, Degradation of trichloroethylene in 
aqueous solution by calcium peroxide activated with ferrous ion, J. Hazard. Mater, 284 (2015) 
253–260. [PubMed: 25463240] 

[15]. Xue Y, Lu S, Fu X, Sharma VK, Sanchez IM, Qiu Z, Sui Q, Simultaneous removal of benzene, 
toluene, ethylbenzene and xylene (BTEX) by CaO2 based Fenton system: Enhanced degradation 
by chelating agents, Chem. Eng. J 331 (2018) 255–264.

[16]. Northup A, Cassidy D, Calcium peroxide (CaO2) for use in modified Fenton chemistry, J. 
Hazard. Mater 152 (2008) 1164–1170. [PubMed: 17804164] 

[17]. Gonzalez MC, Roux GCL, Rosso JA, Braun AM, Mineralization of CCl4 by the UVC-photolysis 
of hydrogen peroxide in the presence of methanol, Chemosphere 69 (2007)1238–1244. [PubMed: 
17628631] 

[18]. Su C, Li W, Liu X, Huang X, Yu X, Fe-Mn-sepiolite as an effective heterogeneous Fenton-like 
catalyst for the decolorization of reactive brilliant blue, Front. Environ. Sci. Eng 10 (2016) 37–
45.

[19]. Xu M, Gu X, Lu S, Qiu Z, Sui Q, Miao Z, Zang X, Wu X, Degradation of carbon tetrachloride in 
aqueous solution in the thermally activated persulfate system, J. Hazard. Mater, 286 (2015) 7–14. 
[PubMed: 25544995] 

[20]. Berkovic AM, Gonzalez MC, N N. Russo, Michelini MC, Diez RP, Martire DO, Reduction of 
mercury (II) by the carbon dioxide radical anion: a theoretical and experimental investigation, J. 
Phys. Chem. A 114 (2010) 12845–12850. [PubMed: 21086971] 

[21]. Che H, Lee W. Selective redox degradation of chlorinated aliphatic compounds by Fenton 
reaction in pyrite suspension, Chemosphere 82 (2011) 1103–1108. [PubMed: 21186044] 

[22]. Farhataziz I, Ross AB, Selected specific rates of reactions of transients from water in aqueous 
solutions, III Hydroxyl radical and per hydroxyl radical and their radical ions NSRDS-NBS 59, 
National Bureau of Standards, Washington, DC; 1977.

[23]. Gara PD, Bucharsky E, Wörner M, Braun AM, Martire DO, Gonzalez MC, Trichloroacetic acid 
dehalogenation by reductive radicals, Inorg. Chim. Acta 360 (2007) 1209–1216.

Tang et al. Page 12

Chem Eng J. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[24]. Zheng F, Gao B, Sun Y, Shi X, Xu H, Wu J, Gao Y, Removal of tetrachloroethylene from 
homogeneous and heterogeneous porous media: Combined effects of surfactant solubilization 
and oxidant degradation, Chem. Eng. J 283 (2016) 595–603.

[25]. Jho EH, Singhal N, Turner S, Tetrachloroethylene and hexachloroethane degradation in Fe (III) 
and Fe (III)-citrate catalyzed Fenton systems, J. Chem. Technol. Biotechnol 87 (2012)1179–
1186.

[26]. Mcelroy WJ, Waygood SJ, Oxidation of formaldehyde by the hydroxyl radical in aqueous 
solution, J. Chem. Soc., Faraday Trans 87 (1991) 1513–1521.

[27]. Chen L, Li X, Zhang J, Fang J, Huang Y, Wang P, Ma J, Production of hydroxyl radical via the 
activation of hydrogen peroxide by hydroxylamine, Environ. Sci. Technol 49 (2015) 10373–
10379. [PubMed: 26274915] 

[28]. Ma Y, Wang Y, Lv X, Meng F, Yang Q. Insight into the mode of action of Pd-doped zero-valent 
iron nanoparticles @ graphene (Pd/FePs@G) toward carbon tetrachloride dechlorination reaction 
in aqueous solution, Appl. Catal., A 560 (2018) 84–93.

[29]. Zhou L, Chen S, Li H, Guo S, Liu Y, Yang J. EDDS enhanced Shewanella putrefaciens CN32 and 
α-FeOOH reductive dechlorination of carbon tetrachloride, Chemosphere 198 (2018) 556–564. 
[PubMed: 29422245] 

[30]. Gao X, Yang F, Lan Y, Mao J, Duan X. Rapid degradation of carbon tetrachloride by commercial 
micro-scale zinc powder assisted by citric acid, Environ. Chem. Lett 9 (2011) 431–438.

[31]. Lin Y, Liang C. Carbon tetrachloride degradation by alkaline ascorbic acid solution, Environ. Sci. 
Technol 47 (2013) 3299–3307. [PubMed: 23448585] 

[32]. Lee Y, Bae S, Lee W. Degradation of carbon tetrachloride in modified Fenton reaction, Korean J. 
Chem. Eng 29 (2012) 769–774.

[33]. Bae S, Lee W. Influence of riboflavin on nanoscale zero-valent iron reactivity during the 
degradation of carbon tetrachloride, Environ. Sci. Technol 48 (2014) 2368–2376. [PubMed: 
24479987] 

[34]. Semprini L, McCarty PL, Comparison between model simulations and field results for insitu 
biorestoration of chlorinated aliphatics, part2, Cometabolic transformations, Ground Water 30 
(1992) 37–44.

[35]. Conte LO, Schenone AV, Giménez BN, Alfano OM. Photo-Fenton degradation of a herbicide (2, 
4-D) in groundwater for conditions of natural pH and presence of inorganic anions, J. Hazard. 
Mater (2018) 10.1016/jjhazmat.2018.04.0132018.

[36]. Ma J, Yang Y, Jiang X, Xie Z, Liu X, Chen C, Chen H, Impacts of inorganic anions and natural 
organic matter on thermally activated persulfate oxidation of BTEX in water, Chemosphere 190 
(2018) 296–306. [PubMed: 28992483] 

[37]. Hasan MA, Zaki MI, Pasupulety L, Kumari K, Promotion of the hydrogen peroxide 
decomposition activity of manganese oxide catalysts, Appl. Catal., A 181 (1999) 171–179.

[38]. Yang Y, Pignatello JJ, Ma J, Mitch WA, Comparison of Halide Impacts on the Efficiency of 
Contaminant Degradation by Sulfate and Hydroxyl Radical-Based Advanced Oxidation 
Processes (AOPs), Environ. Sci. Technol 48 (2014) 2344–2351. [PubMed: 24479380] 

[39]. Long CA, Bielski BHJ, Rate of reaction of superoxide radical with chloride- containing species, 
J. Phys. Chem 84 (1980) 555–557.

[40]. Grebel JE, Pignatello JJ, Mitch WA, Effect of halide ions and carbonates on organic contaminant 
degradation by hydroxyl radical-based advanced oxidation processes in saline waters, Environ. 
Sci. Technol 44 (2010) 6822–6828. [PubMed: 20681567] 

[41]. Schmidt KH, Electrical conductivity techniques for studying the kinetics of radiation- induced 
chemical reactions in aqueous solutions, Int. J. Radiat. Phys. Chem 4 (1972) 439–468.

[42]. Draganic ZD, Negrón-Mendoza A, Sehested K, Vujošević SI, Navarro-Gonzáles R, Albarrán-
SanchezM G, Draganić IG, Radiolysis of aqueous solutions of ammonium bicarbonate over a 
large dose range. Int. J. Radiat. Appl. Instrum. Part C. Radiat. Phys. Chem 38 (1991) 317–321.

[43]. Xu XR, Li XY, Li XZ, Li HB, Degradation of melatonin by UV, UV/H2O2, Fe2+/H2O2 and 
UV/Fe2+/H2O2 processes, Sep. Purif. Technol 68 (2009) 261–266.

[44]. Wang Q, Lemley AT, Kinetic effect of humic acid on alachlor degradation by anodic Fenton 
treatment, J. Environ. Qual 33 (2004) 2343–2352. [PubMed: 15537957] 

Tang et al. Page 13

Chem Eng J. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[45]. Fu X, Gu X, Lu S, Sharma VK, Brusseau ML, Xue Y, Danish M, Fu GY, Qiu Z, Sui Q, Benzene 
oxidation by Fe (III)-activated percarbonate: matrix-constituent effects and degradation 
pathways, Chem. Eng. J 309 (2017) 22–29. [PubMed: 28959136] 

Tang et al. Page 14

Chem Eng J. Author manuscript; available in PMC 2020 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights:

• CT degradation in CaO2/Fe(II) system is promoted by MeOH addition.

• The leading species for CT degradation are O2
•−, CO2

•−.

• CHCl3, C2Cl4, and C2Cl6 were the intermediates of CT.

• A reduction mechanism for CT degradation was proposed.

• Efficient removal of CT in groundwater was attained.
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Fig. 1. 
Comparison of CT degradation in the Fe(II)-activated CaO2 system: (a) without MeOH and 

(b) with MeOH ([CT]0 = 0.13 mmol L−1).
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Fig. 2. 
The degradation of CT in the CaO2/Fe(II)/MeOH system with the addition of different 

scavengers: (a) IPA; (b) BQ and (c) MV2+ ([CaO2]0 = 3.90 mmol L−1, [Fe(II)]0 = 5.20 mmol 

L−1, [MeOH]0 = 1.30 mmol L−1, [CT]0 = 0.13 mmol L−1).
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Fig. 3. 
Evolution of the chlorinated organic intermediates in the CaO2/Fe(II)/MeOH system 

([CaO2]0 = 3.90 mmol L−1, [Fe(II)]0 = 5.20 mmol L−1, [MeOH]0 = 1.30 mmol L−1, [CT]0 = 

0.13 mmol L−1).
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Fig. 4. 
Cl balance during CT degradation in the CaO2/Fe(II)/MeOH process ([CaO2]0 = 3.90 mmol 

L−1, [Fe(II)]0 = 5.20 mmol L−1, [MeOH]0 = 1.30 mmol L−1, [CT]0 = 0.13 mmol L−1)
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Fig. 5. 
Proposed CT degradation pathway in the CaO2/Fe(II)/MeOH process.
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Fig. 6. 
Evolution of CF during CT degradation in the CaO2/Fe(II) process (CaO2/Fe(II) molar ratio 

= 10/1, [CT]0 = 0.13 mmol L−1)
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Fig. 7. 
Effect of solution matrix on CT degradation in the CaO2/Fe(II)/MeOH system (a) NO3

−; (b) 

Cl−; (c) SO4
2−; (d) HCO3

−; (e) pH and (f) NOM ([CaO2]0 = 3.90 mmol L−1, [Fe(II)]0 = 5.20 

mmol L−1, [MeOH]0 = 1.30 mmol L−1, [CT]0 = 0.13 mmol L−1).
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Fig. 8. 
CT degradation performance in the actual groundwater ([CT]0 = 0.13 mmol L−1).
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