
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



1 

 

A kinetic and mechanistic study of the degradation of 1 

1,2-dichloroethane and methyl tert-butyl ether using 2 

alkaline-activated persulfate oxidation 3 

 4 

Ku-Fan Chen*, Yu-Chen Chang, Kuan-Yu Liu 5 

 
6 

Department of Civil Engineering, National Chi Nan University, Puli, Nantou 54561, 7 

Taiwan 8 

 9 

 10 

 11 

To whom correspondence should be addressed: 12 

Dr. Ku-Fan Chen 13 

TEL: +886-49-2910960 ext. 4983 14 

Email: kfchen@ncnu.edu.tw 15 

Address: 1 Univ. Rd., Puli, Nantou 54561, TAIWAN  16 

Page 1 of 38 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



2 

 

Abstract 17 

In this study, alkaline-activated persulfate is used to treat groundwater that is 18 

contaminated with 1,2-dichloroethane (1,2-DCA)- and methyl tert-butyl ether 19 

(MTBE). The results show that alkaline-activated persulfate accelerates the 20 

degradation of 1,2-DCA. Vinyl chloride that is produced because there is 21 

dehydrochlorination of 1,2-DCA at high pH. Although the rate of degradation of 22 

MTBE in alkaline-activated persulfate systems is decreased, there is a significant 23 

reduction in the accumulation of MTBE-degrading byproducts, tert-butyl alcohol and 24 

tert-butyl formate. Alkaline-activated persulfate degrades 1,2-DCA via the 25 

mechanisms of oxidation and dehydrochlorination, but oxidation alone contributes to 26 

the removal of MTBE. The use of low-cost basic oxygen furnace (BOF) slag 27 

increases the pH of the solution (> 12) and allows the alkaline-activated persulfate 28 

reaction to proceed. No detectable heavy metals are released from the BOF slag in the 29 

persulfate system that is activated by BOF slag. The degradation of 1,2-DCA and 30 

MTBE follows the pseudo-first-order kinetics for all persulfate systems. 31 

Alkaline-activated persulfate causes a decrease in ORP because there is a high pH, 32 

which adversely affects the removal of contaminants if the contaminants do not 33 

undergo base-mediated degradation. Therefore, the performance in terms of 34 

contaminant removal must be evaluated before alkaline-activated persulfate is used 35 
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for different compounds. This novel, slag-activated persulfate system is 36 

environmentally friendly and cost-effective alternative to the remediation of 37 

groundwater. 38 

 39 

Keywords: 1,2-Dichloroethane (1,2-DCA); Methyl tert-butyl ether (MTBE); 40 

Persulfate; Alkaline activation; Basic oxygen furnace (BOF) slag  41 
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1. Introduction 42 

Groundwater contamination is a global issue because of the potential threat of 43 

toxic pollutants to water resources and human health. Generally, petroleum and 44 

chlorinated hydrocarbons are the most commonly detected pollutants in 45 

groundwater.
1-4

 1,2-dichloroethane (DCA), the most commonly produced halogenated 46 

chemical in the world, is mainly used in the synthesis of vinyl chloride (VC), which is 47 

used for the production of polyvinyl chloride. 1,2-DCA has been classified as a 48 

probable human carcinogen (Group B2) by the US Environmental Protection Agency 49 

(US EPA)
5
 and a possible human carcinogen (Group 2B) by the International Agency 50 

for Research on Cancer (IARC).
6
 The US EPA has set a maximum contaminant level 51 

(MCL) for 1,2-DCA in drinking water at 0.005 mg L
-1

, to protect public health.
7
 52 

Methyl tert-butyl ether (MTBE) is the most commonly used gasoline additive because 53 

of its low cost and ease of production and blending.
8
 Since MTBE is a potential 54 

human carcinogen at high doses, the US EPA has set an advisory level for drinking 55 

water of 20–40 µg L
-1

.
9
 There is significant potential for groundwater contamination 56 

by 1,2-DCA and MTBE because of their widespread use. Both 1,2-DCA and MTBE 57 

are also resistant to biodegradation and chemical oxidation, which renders 58 

groundwater remediation difficult.
10-13

 59 

In situ chemical oxidation (ISCO) is a rapid and effective remediation 60 
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technology that uses powerful oxidants to treat high levels of contaminants in the 61 

subsurface.
14

 Hydrogen peroxide, permanganate and persulfate are common oxidants 62 

that are used in aqueous form for ISCO. Persulfate oxidation has been developed to 63 

remediate contaminated soil and groundwater. Persulfate is a strong and relatively 64 

stable oxidant that is activated by heat (Reaction (1))
15,16

 or a transition metal (M
n+

) 65 

(Reaction (2))
17,18

 to produce more powerful sulfate free radicals that degrade a wide 66 

range of organic pollutants: 67 

 68 

S2O8
2-

 + heat → 2SO4
-
·                               (1) 69 

S2O8
2-

 + M
n+

 →SO4
-
· + SO4

2-
 + M

n+1
                    (2) 70 

SO4
-
· + e

-
 → SO4

2-                      
  E

0
 = 2.6 V         (3) 71 

 72 

In addition to heat and transition metals, many other activation technologies, such as 73 

chelated Fe(II)
19,20

, zero valent iron (ZVI)
21,22

, ultraviolet light
23,24

 and activated 74 

carbon
25

 are also used to activate persulfate. Recently, alkaline-activated persulfate 75 

(alkaline persulfate) has been used for groundwater remediation.
26-28

 The notable 76 

advantage of alkaline-activated persulfate is that the addition of a base neutralizes the 77 

acid that is generated from persulfate during the treatment.
29

 Since a decrease in pH 78 

can result in the dissolution of heavy metals in soil,
14

 alkaline persulfate also reduces 79 
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the possibility of heavy metal contamination during site remediation. 80 

In general, a pH of greater than 10 is required to activate persulfate.
26,27,30,31

 At a 81 

high pH, sulfate radicals react with hydroxyl ions and water to generate hydroxyl 82 

radicals:
27,32

 83 

 84 

SO4
-
· + OH

-
 → ·OH + SO4

2- 
          (4) 85 

SO4
-
· + H2O → ·OH + SO4

2- 
+ H

+
      (5) 86 

 87 

Two possible mechanisms for alkaline-activated persulfate have been proposed. 88 

Corbin III
30

 reported that under alkaline conditions, sulfate radicals convert hydroxyl 89 

ions to hydroxyl radicals (Reaction (4)) and then propagation reactions generate other 90 

reactive species: 91 

 92 

·OH + ·OH → H2O2                     (6) 93 

S2O8
2－

 + 2H2O → 2HSO4
－

 + H2O2            (7) 94 

H2O2 + OH
－
 → HO2

－
 + H2O             (8) 95 

H2O2 + HO2
－
 → O2·

－
 + ·OH + H2O        (9) 96 

 97 

Furman et al.
33

 noted that the first step in the alkaline activation of persulfate is the 98 
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base-catalyzed hydrolysis of persulfate to form peroxomonosulfate (SO5
2-

) and sulfate 99 

and then other reactions occur: 100 

 101 

－

3OS-O-O···SO3
－

 + H2O 
OH

-

�� [
─

3OS-O-O
─
] + SO4

2－
 + 2H

+
          (10) 102 

[
－

3OS-O-O
－

] + H2O 
OH

-

�� H-O-O
－

 + SO4
2－

 + H
+
                  (11) 103 

－

3OS-O-O-SO3
－

 + 2H2O 
OH

-

�� HO2
－

 + 2SO4
2－

 + 3H
+
              (12) 104 

H-O-O
－

 + 
－

3OS-O-O-SO3
－

 → SO4·
－

 + SO4
2－

 + H
+
 + O2·

－
        (13) 105 

2S2O8
2－

 + 2H2O → 3SO3
2－

 + SO4·
－

 + O2·
－

 + 4H
+
               (14) 106 

 107 

The sulfate radicals that are produced in Reactions (13) and (14) then react with 108 

hydroxyl ions to generate hydroxyl radicals, as shown in Reaction (5).  109 

Alkaline-activated persulfate has been successfully demonstrated to increase the 110 

removal of different contaminants. Block et al.
26

 reported that alkaline persulfate (pH 111 

> 10) is an aggressive oxidation system that can completely remove problematic 112 

compounds, such as chlorinated methanes and ethanes. Liang et al.
34

 measured 113 

trichloroethylene (TCE) removal by persulfate using ethylenediamine-tetra-acetic acid 114 

(EDTA) chelated Fe
3+

 as an activator at different pH values (pH 3, 7 and 10). The 115 

results showed that the rate at which TCE is removed increases as the pH value 116 

increases, because hydroxyl radicals are generated in the system (Reaction (4)). 117 
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Nitrobenzene is used to identify sulfate and hydroxyl radicals in thermally activated 118 

persulfate under different pH conditions.
35

 The results show that nitrobenzene 119 

degradation rates are greater at pH values of 12 and 9 than at pH values of 7, 4 and 2. 120 

This study showed that predominant hydroxyl radicals are generated in basic 121 

solutions. 122 

Although powerful hydroxyl radicals occur in alkaline persulfate systems, many 123 

studies have shown that alkaline-activated persulfate retards the degradation of 124 

pollutants. The rate at which MTBE is degraded by thermally activated persulfate 125 

decreases as the pH value increases (pH 2.5-12) because sulfate radicals and hydroxyl 126 

radicals react rapidly with hydroxyl ions under high pH conditions.
36

 Huling et al.
37

 127 

found that MTBE degradation is better under neutral and acid conditions (pH 3.5-7.5) 128 

than under alkaline conditions (pH 11-12.5). Sulfate radicals are scavenged by water 129 

and hydroxyl ions and the hydroxyl radicals are consumed by sulfate ions and other 130 

reactants in the system. The effect of different persulfate processes, such as heating, 131 

Fe(III)-EDTA, alkaline activation and hydrogen peroxide-persulfate binary mixtures, 132 

on the degradation of organic pollutants has been studied. The results show that 133 

alkaline-activated persulfate is the least efficient way to degrade pollutants.
29,38  134 

For alkaline-activated persulfate oxidation, KOH or NaOH is mixed with 135 

persulfate solution to achieve the required pH.
27

 Since aquifers usually have a 136 
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buffering capacity, a large amount of base may be needed to increase the pH of an 137 

aquifer, which increases the cost of alkaline-activated persulfate oxidation. Therefore, 138 

low-cost activators are required to render alkaline-activated persulfate more 139 

applicable in field. Basic oxygen furnace (BOF) slag is a waste material that is 140 

generated in the basic oxygen furnace steel manufacturing process. BOF slag contains 141 

30-55% CaO, which yields hydroxyl ions that increase the pH of water rapidly, as 142 

shown in Reaction (15):
39,40 

143 

 144 

CaO + H2O → Ca
2+

 + 2OH
-
     (15) 145 

 146 

Therefore, it may be feasible to use BOF slag to activate persulfate. The use of BOF 147 

slag to activate persulfate also allows the reuse of waste materials. 148 

   Although alkaline-activated persulfate has been used to treat various contaminants, 149 

the performance is variable. Some reports note that the removal of contaminants is 150 

enhanced by alkaline persulfate and other reports show that the use of 151 

alkaline-activated persulfate is the least efficient way to degrade pollutants.
26,29,35,38

 152 

Recent studies have focused on the effectiveness of alkaline-activated persulfate for 153 

the removal of different individual compounds
34,35,37

 and comparisons of the 154 

degradation of individual pollutants using different persulfate activation methods.
29,38

 155 
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Different experimental parameters were used in other studies, such as the target 156 

pollutant, the persulfate dosage and the temperature, so it is difficult to compare the 157 

performance of each method, in terms of the removal of different pollutants by 158 

alkaline persulfate. There are also few detailed comparative studies of the removal of 159 

pollutants by alkaline persulfate that have different properties (e.g., chlorinated and 160 

petroleum hydrocarbons).
26

 Since 1,2-DCA and MTBE are typical chlorinated and 161 

petroleum hydrocarbons that are found in groundwater, these two compounds are the 162 

target pollutants for this study. The main objective of this study is to determine the 163 

kinetics and the mechanism for the degradation of 1,2-DCA and MTBE by 164 

alkaline-activated persulfate. Contaminants are treated using persulfate under 165 

un-activated and alkaline-activated conditions. The feasibility of using BOF slag to 166 

activate persulfate is also determined. 167 

 168 

2. Materials and Methods 169 

2.1 Materials and Chemicals 170 

The chemicals that are used in this study are 1,2-DCA (99.9%, Merck, Germany), 171 

MTBE (99.9%, Merck, Germany), vinyl chloride (VC) (2,000 ppm in methanol, 172 

Supelco, USA), tert-butyl formate (TBF) (99%, Aldrich, USA), tert-butyl alcohol 173 

(TBA) (99%+, Alfa Aesar, USA), and sodium persulfate (> 99%, Riedel-de Haen, 174 
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Germany). BOF slag was obtained from the China Steel Corp., Taiwan. The major 175 

constituents of BOF slag are CaO (54.4 wt%), Fe2O3 (30.6 wt%), SiO2 (9.9 wt%) and 176 

MnO (3.4 wt%). The slag was sieved before use, to ensure a more uniform particle 177 

size (10-18 mesh). 178 

 179 

2.2 Batch kinetic experiments 180 

Batch experiments were conducted using 60 mL serum bottles, in order to 181 

evaluate the removal of 1,2-DCA and MTBE by persulfate under un-activated and 182 

different alkaline conditions (pH 10-13). The solution used for the batch experiments 183 

was prepared by adding approximately 99 mg of 1,2-DCA or 88 mg of MTBE to 2 L 184 

DI water and 20,000 mg of persulfate was then added. 50 mL of the mixed solution 185 

was then immediately transferred to each serum bottle, using a dispenser. The initial 186 

concentrations of the contaminant and persulfate in the batch bottles were 0.5 mM and 187 

42 mM, respectively. The pH for the batch experiments was adjusted using NaOH. 188 

BOF slag (20-100 g L
-1

) was used to determine whether it increases pH, which allows 189 

the alkaline-activated persulfate reaction to proceed. In a dark chamber at a constant 190 

temperature at 25 
o
C, batch bottles were placed on a shaker that operated at 150 rpm. 191 

All batch experiments were conducted in duplicate. Since BOF slag can contain heavy 192 

metals, such as Cr, heavy metals of interest were analyzed in the experiments where 193 
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slag was added, in order to determine whether heavy metals are released from BOF 194 

slag. 195 

 196 

2.3 Analytical methods 197 

Analysis of 1,2-DCA, MTBE and their degradation byproducts, including VC, 198 

TBF and TBA, was performed using a purge and trap pretreatment system (Atomx, 199 

Tekmar, USA), followed by a gas chromatograph-flame ionization detector (Agilent 200 

7890A, USA) that was equipped with a capillary column (GsBP-624, 60 m × 0.32 201 

mm, GS-Tek, USA). The respective operating temperatures for the injector and the 202 

detector were 180°C and 230°C. The oven temperature was initially maintained at 203 

35°C for 5 min and then increased at a rate of 11°C min
-1

 to 115°C and held at 115°C 204 

for 3 min. The temperature was then increased at a rate of 20°C min
-1

 to 220°C and 205 

maintained at 220°C for 1 min. The slag-activated persulfate system was analyzed for 206 

the presence of heavy metals, including Cr, Cd, Ni, Zn, Pb and Cu, using inductively 207 

coupled plasma optical emission spectrometry (ICP-OES) (Horiba, JY 2000 2, USA). 208 

The detection limits of Cr, Cd, Ni, Zn, Pb and Cu were 0.001, 0.001, 0.001, 0.002, 209 

0.010, and 0.001 mg L
-1

, respectively. 210 

 211 

 212 
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3. Results and Discussion 213 

3.1 1,2-DCA degradation by alkaline-activated persulfate 214 

Fig. 1a shows the degradation of 1,2-DCA in the alkaline-activated persulfate 215 

systems. There is significantly increased degradation of 1,2-DCA at pH values of 216 

more than 12. 98% of 1,2-DCA is removed by alkaline-activated persulfate at a pH 217 

value of 12 and 100% of 1,2-DCA is removed by alkaline-activated persulfate at a pH 218 

value of 13, but 1,2-DCA is 90% degraded by un-activated persulfate after 120 h of 219 

reaction. Although the degradation of 1,2-DCA increases as the pH value is increased, 220 

under alkaline conditions, less 1,2-DCA is removed at pH values of 10 and 11 than 221 

with un-activated persulfate. It should be noted that under alkaline controls (no 222 

addition of persulfate), 1,2-DCA at a pH of 12 and 13 produces a 4 and 11% decrease, 223 

respectively, during 120 h of reaction (data not shown in the figure). Although Block 224 

et al.
26

 reported that alkaline persulfate increases the degradation of 1,2-DCA, this 225 

study uses no alkaline control without persulfate. Root et al.
41

 noted that chloroform 226 

(CF) concentrations are reduced in both alkaline control and alkaline activated 227 

persulfate tests. The removal of CF in the control set was due to alkaline hydrolysis. 228 

The results of this study indicate that strong alkaline conditions stimulate additional 229 

degradation of 1,2-DCA, so more 1,2-DCA is removed in the alkaline persulfate 230 

systems. 231 
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Fig. 1b shows the production of VC in the alkaline-activated persulfate systems. 232 

During 1,2-DCA degradation, VC is detected in alkaline persulfate and the control 233 

runs at pH 12 and 13. VC concentrations in the control runs at pH values of 12 and 13 234 

respectively increase to 0.023 and 0.098 mM, during 120 h of reaction. The 235 

production of VC reaches the highest concentrations of 0.006 and 0.010 mM in the 236 

alkaline persulfate systems at respective pH values of 12 and 13, after 48 h of reaction, 237 

and then gradually decrease to less than 0.001 mM because of persulfate oxidation. 238 

Jeffers et al.
42

 reported that VC is produced in 1,2-DCA solution at high pH values. 239 

The decrease in 1,2-DCA and the production of VC in the control sets may result from 240 

the dehydrochlorination of 1,2-DCA.
42-44

 Dehydrochlorination removes hydrogen and 241 

chloride ions from an alkane and results in the formation of an alkene under strong 242 

basic conditions.
45,46

 The transformation of 1,2-DCA to VC at high pH values is 243 

shown as below:  244 

 245 

ClH2C–CH2Cl + OH
-
 → H2C=CHCl + Cl

-
 + H2O      (16) 246 

 247 

To the best of the authors’ knowledge, this is first time that the dehydrochlorination of 248 

1,2-DCA to VC has been demonstrated in an alkaline persulfate system. Since 249 

chlorinated hydrocarbons can undergo base-mediated degradation, such as 250 
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base-catalyzed hydrolysis or dehydrochlorination,
42,43

 it is necessary to consider the 251 

possible contribution of alkaline degradation to the removal of contaminants when 252 

alkaline persulfate is used for the treatment of chlorinated compounds.  253 

The pseudo-first-order rate constants for 1,2-DCA degradation by un-activated 254 

and alkaline-activated persulfate are shown in Table 1. The degradation of 1,2-DCA 255 

by persulfate fits well with the pseudo-first-order kinetics (R
2
 > 0.96). The rate 256 

constants for the removal of 1,2-DCA at pH values of 12 and 13 are approximately 1.7 257 

and 3.1 times greater than that for un-activated persulfate. It should be noted that 258 

although the total amount of 1,2-DCA degradation by persulfate after 120 h is not 259 

much different with or without activation, the rate of 1,2-DCA degradation is 260 

increased by alkaline activation. Since higher concentration of 1,2-DCA has higher 261 

toxicity, it is beneficial to the environment to reduce 1,2-DCA concentration rapidly 262 

during a short time. These results demonstrate that a pH value of greater than 12 is 263 

required to increase 1,2-DCA degradation in alkaline persulfate systems. Since sulfate 264 

radicals and hydroxyl radicals are generated in alkaline-activated persulfate systems,
29

 265 

better performance may result from the synergistic contribution of oxidation and 266 

dehydrochlorination. The VC that is produced by the dehydrochlorination of 1,2-DCA 267 

is subsequently removed by the oxidative radicals. 268 

 269 
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3.2 MTBE degradation by alkaline-activated persulfate 270 

   Fig. 2a shows the degradation of MTBE in the alkaline-activated persulfate 271 

systems. MTBE degradation was retarded under all alkaline conditions. 77% of 272 

MTBE is removed in un-activated persulfate, but only 41 to 58% of MTBE is 273 

degraded at pH values between 10 and 13. The degradation of MTBE is also greater at 274 

pH values of 12 and 13 than at pH values of 10 and 11. These findings are in 275 

agreement with those of a previous study that was conducted by Deng et al.
29

 That 276 

study reported that the removal of MTBE under alkaline conditions is much slower 277 

than by persulfate alone at 25 
o
C. Huang et al.

 36
 also noted that the rate at which 278 

MTBE is degraded by thermally activated persulfate (40 
o
C) decreases as the pH 279 

value increases (pH 2.5-12). No MTBE degradation is observed for the alkaline 280 

control sets (data not shown in the figure). Therefore, only persulfate oxidation is 281 

responsible for the removal of MTBE by alkaline persulfate. The pseudo-first-order 282 

rate constants for the degradation of MTBE by un-activated and alkaline-activated 283 

persulfate are shown in Table 1. The degradation of MTBE by persulfate follows the 284 

pseudo-first-order kinetics (R
2
 > 0.99). Un-activated persulfate gives the greatest 285 

removal rate for MTBE. This rate is approximately 1.7 to 3.0 times greater than the 286 

rate for alkaline persulfate. 287 

    During the oxidation of MTBE, the byproducts, TBF and TBA, are produced. 288 
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Figs. 2b and 2c respectively show the production of TBF and TBA in the 289 

alkaline-activated persulfate systems. Notably, the final concentrations of TBF 290 

(0-0.003 mM) in the alkaline systems are much lower than that in the un-activated 291 

system (0.137 mM). TBF is a major byproduct of the oxidation of MTBE. The TBF 292 

that is produced subsequently undergoes hydrolysis to yield TBA.
36

 Church et al.
47

 293 

noted that the respective rate constants for the hydrolysis of TBF to TBA under basic, 294 

neutral and acid and conditions are 1.7 ± 0.3 M
-1

s
-1

, (1.0 ± 0.2) × 10
-6

 s
-1

 and (2.7 ± 295 

0.5) × 10
-3

 M
-1

s
-1

. The rate constant for the basic hydrolysis of TBF is 500 times 296 

greater than that for the acid hydrolysis of TBF. Therefore, the TBF that is produced 297 

in the alkaline persulfate systems is rapidly converted to TBA, so less TBF 298 

accumulates. The concentrations of TBA in the alkaline persulfate systems are also 299 

significant lower than that in the un-activated system, which is consistent with the 300 

results of the study by Deng et al.,
29

 which showed that alkaline persulfate degrades 301 

TBA more effectively than persulfate alone at 25 
o
C. It has been reported that TBF 302 

hydrolysis generates the same stoichiometric amount of TBA.
47

 Therefore, the final 303 

concentrations of TBF and TBA can be added and expressed as “mM as TBA”. Table 304 

2 shows the molar ratio of TBF and TBA accumulation/MTBE removal in the 305 

un-activated and alkaline-activated persulfate systems after 120 h of reaction. At the 306 

end of the experiments, the molar ratios of TBF and TBA accumulation/MTBE 307 
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removal in the alkaline-activated persulfate systems range from 0.30 to 0.40 and the 308 

molar ratio for TBF and TBA accumulation/MTBE removal is 0.98 in the un-activated 309 

persulfate system. These results show that alkaline-activated persulfate reduces the 310 

production of byproducts during MTBE degradation. Since TBA is a known toxin and 311 

an animal carcinogen and it is the only degradation byproduct that has the potential to 312 

persist in the environment,
47,48

 the use of alkaline persulfate is beneficial because it 313 

reduces the accumulation of this harmful byproduct. 314 

 315 

3.3 The effect of pH and ORP on the removal of contaminants 316 

Table 1 shows that the pH values for the sets with pH values of 11, 12 and 13 are 317 

maintained at the required pH during the experiments, in order to evaluate 1,2-DCA 318 

and MTBE oxidation. However, the pH values for the sets for pH 10 are maintained at 319 

pH 10 for 48 h of reaction and then gradually decrease to around 3.2. The ORP values, 320 

measured for the sets for pH 11, 12 and 13 are stable during the experiments and the 321 

final ORP for these sets is much lower than that for un-activated persulfate. In general, 322 

H
+
 concentration affects the measured redox potential according to Eq (17):

34 
323 

 324 

Emeasured = K – 0.059 pH       (17) 325 

 326 
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where K is a constant and the unit of K and E is volts. Eq (17) shows that ORP 327 

decreases as the pH increases. Even if the oxidative radicals are generated by 328 

alkaline-activated persulfate, the ORP may decrease because of the effect of a high pH. 329 

Therefore, it is necessary to correct the ORP that is measured at different pH values to 330 

the value for the same pH, in order to determine the real effect of alkaline persulfate 331 

on the system ORP. Using Eq (17), the ORP measured at different pH values is 332 

corrected to a reference pH, as shown Eq (18): 333 

 334 

Ecorrected = Emeasured – 0.059 (pHreference – pHmeasured)       (18) 335 

 336 

In this study, the ORP levels at different pH values are corrected for a pH of 7. As 337 

shown in Table 1, the corrected ORP values for the sets for pH 11, 12 and 13 are much 338 

greater than that for un-activated persulfate when the effect of pH on the ORP 339 

measurement is eliminated. Liang et al.
28,34

 reported the presence of hydroxyl radicals 340 

(predominant) and sulfate radicals under strong alkaline conditions (pH > 11). 341 

Therefore, the production of the oxidative radicals by alkaline persulfate (Reactions 342 

(4), (9), (13) and (14)) contributes to the oxidative power of the system. Otherwise, 343 

the measured ORP in the high pH systems would be even lower than the measured 344 

ORP that is shown in Table 1. 345 

Page 19 of 38 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



20 

 

Under alkaline conditions (pH 11 to 13), both the measured and the corrected 346 

ORP increase as the pH value increases. An increase in pH also results in greater 347 

removal of 1,2-DCA and MTBE, especially at pH values of 12 and 13. This 348 

demonstrates that higher pH values result in stronger persulfate activation. The 349 

removal of 1,2-DCA and MTBE is least efficient at pH 10. The corrected and 350 

measured ORP values for the sets for pH 10 are similar to that for un-activated 351 

persulfate. Therefore, the high ORP for the sets for pH 10 mainly results from the low 352 

pH and the un-activated persulfate. Although the pH is initially maintained at around 353 

10, alkaline activation of persulfate is not as strong as that for the sets where the pH is 354 

greater than 11, so insufficient radicals are produced for the oxidation of 1,2-DCA and 355 

MTBE. Since the pH gradually decreases, there is a moderate increase in the ORP, so 356 

1,2-DCA and MTBE do not stay in a high ORP solution for the duration of the 357 

experiments. There is also no degradation of 1,2-DCA or MTBE at a pH value of 10, 358 

as shown by the results for the alkaline controls. These may be the reasons that less 359 

contaminants are removed at a pH value of 10. Note that in reality, the pH has a 360 

dominant effect on ORP value in the persulfate solution. If no other mechanisms 361 

contribute to the degradation of contaminants, the efficiency with which the 362 

contaminant is treated decreases at high pH because ORP values are low. This may 363 

explain why less contaminant is removed in many other reports that use 364 
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alkaline-activated persulfate for the treatment.
27

 365 

Some studies note that the removal of contaminants is increased by alkaline 366 

persulfate because hydroxyl radicals are produced,
34,35

 but other studies report that 367 

sulfate radicals are scavenged by hydroxyl ions and the hydroxyl radicals that are 368 

produced are rapidly consumed by sulfate ions, hydroxyl ions and other reactants in 369 

the alkaline persulfate systems, so the contaminants experience less 370 

degradation.
32,36,37,49

 However, no direct evidence that affects the degradation of 371 

pollutants is provided by previous reports and relatively few studies concern the 372 

relationship between contaminant removal, pH and ORP.
34

 The results for the ORP 373 

measurement may explain the poor performance of alkaline persulfate in the removal 374 

of some contaminants. 375 

 376 

3.4 1,2-DCA and MTBE degradation by BOF slag-activated persulfate 377 

Fig. 3a shows the degradation of 1,2-DCA by persulfate when different dosages 378 

of BOF slag are added. When BOF slag is added, the pH in the system rapidly 379 

increases and then remains between 12.3 and 12.6 during the experiments. 100% of 380 

1,2-DCA is removed for different dosages of BOF. A small amount of VC is also 381 

produced during the degradation of 1,2-DCA and this is then completely removed at 382 

the end of the experiments (Fig. 3b). The addition of 20 g L
-1

 slag or more increases 383 
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the pH and increases the degradation of 1,2-DCA. Table 3 shows the 384 

pseudo-first-order rate constants for the degradation of 1,2-DCA and MTBE by BOF 385 

slag-activated persulfate. The rate constants for the removal of 1,2-DCA by BOF 386 

slag-activated persulfate are approximately 2.4-2.7 times greater than that for 387 

un-activated persulfate. Figure 4a shows the degradation of MTBE by persulfate when 388 

different dosages of BOF slag are added. Less MTBE is degraded at high pH values. 389 

The removal rate for MTBE by un-activated persulfate is 1.7 to 1.8 times greater than 390 

that for persulfate that is activated by BOF slag (Table 3). As shown in Figs. 4b and 4c, 391 

the accumulation of TBF and TBA is mitigated by the addition of BOF slag because 392 

the pH is high. The results of the heavy metal analysis show that no detectable 393 

amounts of heavy metals are found during treatment with persulfate that is activated 394 

by BOF slag. Therefore, it is safe to use BOF slag as an activator for persulfate. 395 

The removal of 1,2-DCA and MTBE and the production of the byproducts by 396 

persulfate that is activated by BOF slag are quite similar to the results 397 

alkaline-activate persulfate using NaOH as the activator. This study’s findings 398 

demonstrate that BOF slag is a good alternative for the alkaline-activated persulfate 399 

reaction. Although BOF slag contains a significant amount of iron oxide, iron oxide is 400 

not involved with the activation of persulfate because iron ions are only released with 401 

difficulty at high pH values. BOF slag has been successfully used to catalyze 402 
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hydrogen peroxide in Fenton-like systems, under acid conditions. The homogeneous 403 

catalytic reaction of hydrogen peroxide by the Fe
2+

 that is leached from BOF slag 404 

plays a dominant role in increasing the removal of contaminants and the 405 

heterogeneous reaction of hydrogen peroxide with the iron that is contained in BOF 406 

slag plays a minor role.
50

 Liang et al.
49

 reported that the use of BOF slag (1 g L
-1

) 407 

results in an increase in the pH of the solution to 11, which is unfavorable to a 408 

Fenton-like reaction because iron ions are not produced at such a high pH value. Tsai 409 

et al.
51

 noted that less TCE is removed as the pH value increases in a H2O2/BOF slag 410 

system because there is less dissociation of iron minerals from BOF slag. Teel et al.
52

 411 

reported that iron oxide hematite (Fe2O3) does not activate persulfate to generate 412 

oxidative radicals. Therefore, hydroxyl ions (Eq (15)) that are released from BOF slag 413 

are the main contributors to the activation of persulfate, rather than the dissolved iron 414 

ions or the iron oxide on the surface of the BOF slag. 415 

 416 

4. Conclusions 417 

    In this study, 1,2-DCA and MTBE is removed using alkaline-activated persulfate, 418 

with NaOH and BOF slag as activators. The results show that 1,2-DCA removal is 419 

increased when alkaline-activated persulfate is used at pH values greater than 12. VC 420 

is generated due to the dehydrochlorination of 1,2-DCA in the alkaline-activated 421 
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persulfate systems. Although MTBE degradation decreases, the accumulation of TBF 422 

and TBA is significantly reduced when alkaline-activated persulfate is used. 423 

Alkaline-activated persulfate degrades 1,2-DCA via the mechanisms of oxidation and 424 

dehydrochlorination and oxidation alone contributes to the removal of MTBE. 425 

Low-cost BOF slag (> 20 g L
-1

) increases the pH of the solution and drives the 426 

alkaline-activated persulfate reaction. No detectable amounts of heavy metals are 427 

found during the experiments, which demonstrates that it is safe to use BOF slag for 428 

the alkaline activation of persulfate. The removal of 1,2-DCA and MTBE in 429 

un-activated systems and those that are activated by NaOH and BOF obeys the 430 

pseudo-first-order kinetics. Although a high pH can cause a decrease in ORP, which is 431 

not favorable to the oxidation of contaminants, sulfate and hydroxyl radicals that are 432 

generated by alkaline activation of persulfate increase the ORP in the alkaline solution 433 

and still play an important role in the removal of contaminants. The use of 434 

alkaline-activated persulfate also reduces the potential for the release of heavy metals 435 

from aquifer sediments during site remediation. Since alkaline-activated persulfate 436 

decreases the removal rate for MTBE, it is necessary to evaluate the performance in 437 

terms of the removal of contaminants before alkaline-activated persulfate is used for 438 

other target compounds. This study demonstrates a novel alkaline-activated system 439 

that uses BOF slag as the activator to treat groundwater contaminants. The results of 440 
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this study will allow the design of an environmentally friendly and cost-effective 441 

alkaline persulfate system for groundwater remediation. 442 
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Table 1. The results for the degradation of contaminants by un-activated and alkaline-activated persulfate 547 

Contaminant (mM) Persulfate (mM) pH k × 10
3

 (h
-1

) R
2

 Final pH Final ORP (mV) Corrected ORP for pH 7 

0.5 

(1,2-DCA) 

42 

4 

(un-activated) 
13.6 0.993 2.4 760 488 

10 5.2 0.962 3.2 706 481 

11 9.0 0.992 11.2 356 604 

12 23.7 0.976 12.5 389 714 

13 42.1 0.994 13.2 449 815 

0.5 

(MTBE) 

4 

(un-activated) 
12.6 0.991 2.7 652 398 

10 4.2 0.990 3.3 625 406 

11 5.2 0.997 11.6 278 550 

12 7.4 0.992 12.7 347 684 

13 6.6 0.997 13.3 463 835 
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Table 2. The molar ratio of TBF and TBA production to MTBE removal for un-activated and alkaline-activated persulfate systems after 120 h of 548 

reaction 549 

pH 

MTBE 

removal 

(mM) 

Final TBF 

(mM) 

Final TBA 

(mM) 

TBF + TBA 

(mM as TBA) 

TBF/TBA production (mM)/ 

MTBE removal (mM) 

4 (un-activated) 0.41 0.14 0.26 0.40 0.98 

10 0.22 0.003 0.083 0.086 0.39 

11 0.25 0 0.10 0.10 0.40 

12 0.31 0 0.11 0.11 0.35 

13 0.30 0 0.09 0.09 0.30 
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Table 3. The rate constants for the degradation of 1,2-DCA and MTBE by persulfate 550 

that is activated by BOF slag 551 

Contaminant 

(mM) 

Persulfate 

(mM) 
BOF slag (g L

-1
) Final pH k × 10

3

 (h
-1

) R
2
 

0.5 

(1,2-DCA) 

42 

0 

(un-activated) 
2.4 13.6 0.993 

20 12.3 32.5 0.974 

40 12.6 34.7 0.954 

60 12.6 36.7 0.954 

80 12.6 33.8 0.970 

100 12.6 34.8 0.968 

0.5 

(MTBE) 

0 

(un-activated) 
2.6 12.6 0.991 

20 12.4 7.6 0.998 

40 12.6 7.6 0.995 

60 12.6 7.1 0.994 

80 12.7 7.1 0.991 

100 12.7 7.1 0.993 

552 
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Figure Captions 553 

Fig. 1. (a) The degradation of 1,2-DCA and (b) the production of VC in the 554 

alkaline-activated persulfate systems 555 

 556 

Fig. 2. (a) The degradation of MTBE, (b) the production of TBF and (c) the 557 

production of TBA in the alkaline-activated persulfate systems 558 

 559 

Fig. 3. (a) The degradation of 1,2-DCA and (b) the production of VC in the persulfate 560 

systems that are activated by slag 561 

 562 

Fig. 4. (a) The degradation of MTBE, (b) the production of TBF and (c) the 563 

production of TBA in the persulfate systems that are activated by slag  564 
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Fig. 1. 565 

 566 

(a) 567 

 568 

(b)  569 

Page 35 of 38 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



36 

 

Fig. 2. 570 

 571 

(a) 572 

 573 

(b) 574 

 575 

(c)  576 
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Fig. 3. 577 

 578 

(a) 579 

 580 

(b)  581 
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Fig. 4. 582 

 583 

(a) 584 

 585 

(b) 586 

 587 

(c) 588 
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