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ABSTRACT

The objective of the study is to evaluate the degradability of volatile organic compounds
(VOCs, in mixture) by sodium persulfate (SPS) with Fe(II) activation. Degradation of
51 VOCs by SPS alone and with 3 Fe(II)-based activators (i.e. ferrous ion, citric acid-chelated
Fe(II), and EDTA-chelated Fe(II)) was investigated in batch experiments. In 48 h, 16 VOCs
degraded over 90% with non-activated SPS, and 31 VOCs degraded over 90% with Fe(II)
activation. The reaction rate constants of VOC degradation were also analyzed by quantita-
tive structure-activity relationship (QSAR) model. Genetic algorithm and multiple linear
regression analysis were applied to select the descriptors to build QSAR model. The main
contribution to the degradation rate was given by energy level of highest occupied molecu-
lar orbital (EHOMO), double bond equivalent, and the largest negative partial net charge on
a carbon atom (Q�

c ). Based on cluster analysis of degradation rates and main descriptors,
the degradability of target VOCs were classified into three classes—rapid, moderate, and
slow. The obtained statistically robust QSAR model can be used to estimate the removal
efficiency of VOCs by persulfate radicals.
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1. Introduction

During the past three decades, substantial progress
has been made to remediate soil and groundwater
contaminated by volatile organic compounds (VOCs).
Among various remediation technologies, in situ
chemical oxidation (ISCO) has been widely applied
due to its effectiveness and relative low cost [1–3].
Chemical oxidants that are traditionally used in ISCO

include Fenton’s reagent, permanganate (KMnO4/
NaMnO4), and ozone (O3). Sodium persulfate
(Na2S2O8) is a relatively new oxidant applied in soil
and groundwater remediation [4,5]. With the advan-
tage of high solubility, good stability, and high reac-
tivity with a wide range of contaminants, persulfate
has become a favored oxidant in remediation projects
[6]. Compared with traditional oxidants, persulfate
shows less intensive damage to soil organic matter
and indigenous microbial community, which may
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benefit the restoration of soil ecological functions after
the treatment [7,8].

Persulfate ion (S2O
2�
8 ), discovered by M. Berthelot

in 1878, is a strong oxidant with a redox potential of
2.01 V, and can be thermally or chemically activated
to generate sulfate radical ðSO�

4 �Þ [9,10].

S2O
2�
8 þ 2e ! 2SO2�

4 E� ¼ 2:01V (1)

S2O
2�
8 �!heat=ht

2SO�
4 � (2)

S2O
2�
8 þ initiator ! SO�

4 �þ SO2�
4 (3)

SO�
4 �þ e ! SO2�

4 E� ¼ 2:6 V (4)

Compared with persulfate itself, sulfate radical
(Eq. (4)) is a stronger oxidant. The standard potential
of sulfate radical is 2.6 V, close to that of hydroxyl
radical (2.7 V) [11].

The initiator in Eq. (3) could be heat [12–14]，
transition metals (e.g. Fe, Cu, Ag, Ru, and Mn)
[15–19], base [18,20,21], or hydrogen peroxide (H2O2)
[22]. Among these initiators, ferrous ion is frequently
used. The ferrous ion-activated persulfate reaction
requires activation energy of 12 kcal mol−1 [23],
which is lower than the value of 33.5 kcal mol−1

required for thermal activation [10]. Studies have
shown that iron-activated persulfate is an effective
oxidant for degrading organic contaminants. Liang
et al. [16] observed that sequential addition of Fe2+ in
small increments resulted in an increased trichlor-
oethylene (TCE) removal efficiency in the aqueous
phase, which indicated Fe2+ played an important role
in generating SO�

4 �. However, they also found that
excess Fe2+ would react with sulfate radicals as soon
as they are generated, and the decontamination pro-
cess would be inhibited (Eq. (5)).

SO�
4 �þ Fe2þ ! SO2�

4 þ Fe3þ (5)

Under neutral and basic pH, ferrous hydroxide is
formed and precipitated from the aqueous solution,
impairing the effectiveness of activation. To avoid the
above mentioned issues, citric acid (CA)-chelated fer-
rous ion was adopted as activator, to control the con-
centration of free ferrous ion [24]. The availability of
Fe2+ was controlled by adjusting the molar ratio of
chelate/Fe2+. EDTA, EDDS, and hydroxylpropyl-beta-
cyclodextrin (HPCD) were also proved to be applica-
tive chelating agents for Fe2+-activated SPS oxidation
[25–28]. In this study, CA and EDTA were adopted as
chelating agents in the oxidation system.

A wide range of VOCs have been detected in soil
and groundwater at contaminated sites, while experi-
mental data for estimating the treatability of individ-
ual compounds by activated SPS are still limited.
Compared with the experimental analysis techniques,
theoretical analysis, including quantitative structure-
activity relationship (QSAR) method, could be used to
investigate and assess the degradation of organic com-
pounds with higher efficiency and lower cost [29,30].

The QSAR model is expected to reveal important
structural feature (molecular descriptors) affecting the
degradation of organic contaminants. Studies suggest
that several chemical structure parameters may be
critical to characterize the reaction activity of organic
compounds with radicals, including O–H bond
dissociation energy, highest occupied molecular orbital
(HOMO) energy level (EHOMO), and the relative adia-
batic ionization potential [31,32]. These parameters are
good theoretical indicators to predict reaction activity
with radicals, and consequently correlate with the
logarithm of the rate constant of organic compounds
with radicals.

Several researchers have investigated the relation-
ship between fate of VOCs and their inherent proper-
ties [33]. QSAR models were also developed to
describe VOC degradation by tropospheric OH radi-
cals [34] and NO3 radicals [35], VOCs adsorption ener-
gies [36], and the inhalation toxicokinetics [37]. Till
now, QSAR model for VOC degradation by sodium
persulfate oxidation has not been reported. In this
work, the reaction kinetics of VOCs with Fe(II)-acti-
vated SPS was investigated. Experiments were
designed to evaluate the effectiveness of SPS oxidation
with Fe(II) activation, and assess the degradability of
targeted VOCs by SPS with different Fe(II)-based
activators (i.e. Fe2+, CA-chelated Fe2+and EDTA-che-
lated Fe2+). The aim of this study is as follows: (a) to
investigate the effect of different activation methods
on SPS oxidation, (b) to establish the relationship
between VOC degradation rate by SPS and molecular
descriptors. The research could provide effective
support for the control and management of VOCs con-
taminated sites treated by activated SPS.

2. Experimental

2.1. Materials and analysis

Sodium persulfate (Na2S2O8), sulfuric acid
(H2SO4), ferrous sulfate (FeSO4·7H2O), CA, and EDTA
were purchased from Sinopharm Chemical Reagent
company, China. All chemicals were of analytical
grade. Targeted VOCs (2 mg/mL solution standards
in methanol, 54 components) were from J&K Chemical
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Co. Ltd. Water used in this study was purified by a
Millipore deionized water (DI) purification system.

Analysis of VOCs was conducted with the EPA
SW-846 Method 8260C using a GC–MS system (Agi-
lent 7890A/5975C) equipped with a capillary column
(DB-624 60 m×0.25 mm×1.4 μm). The limit of quan-
tification is 2 μg/L.

2.2. Batch experiments

The oxidation of VOCs was conducted under head-
space free conditions in 43 mL glass vial reactors, and
the concentration of Na2S2O8 and Fe2+ were 5 g/L and
0.36 mmol/L, respectively. Typically, 37.5 mL of DI
water, 5 mL of Na2S2O8 stock solution (43 g/L), activa-
tor, and 50 μL VOC samples (200 μg/mL) were added
to the glass vial, and the total volume was adjusted to
43 mL. The concentration of each component in the
VOC mixture was approximately 250 μg/L. Four sets
of experiments were carried out, where non-activated
SPS was used in Experiment 1 and Fe(II)-activated
SPS were used in Experiments 2–4. The pH of Experi-
ment 2 was 2.62 while others were under neutral pH.
The molar ratio of chelating agent and Fe2+ was 1:5 in
both CA and EDTA experiments. Detailed parameters
of each experiment are shown in Table 1. Samples
were prepared in triplicate for each of the experiment
and analyzed at different reaction time (0, 6, 12, 24,
and 48 h). Control samples were also prepared in
triplicate to provide baseline values. Compounds
showed over 20% of loss in total mass after 48 h in the
control samples would be excluded from further
analysis.

Solution of mixed VOCs was used in this study.
The concentration of each VOC was relatively low
compared with that of persulfate (250 μg/L vs. 5 g/L),
thus the reaction rate was not limited by radical con-
centration, and the competition of VOC species for
radical became negligible. Huang et al. [13] used a
similar system to study thermally activated SPS oxida-
tion, and found some VOCs showed negative
degradation under 1 g/L SPS oxidation, indicating
intermediates of decomposition could be formed.

However, this phenomenon was less pronounced
when the SPS concentration increased to 5 g/L.

2.3. Calculation of molecular descriptors

In this work, 51 VOCs were selected to investigate
the relationship of persulfate oxidation rate and
molecular descriptors. Density functional theory (DFT)
was usually considered fairly accurate to optimize the
geometric structure of organic compounds. Therefore,
51 VOCs were optimized by DFT/B3LYP method on
the basis set of 6-31+g(d,p) to obtain the static parame-
ters. Vibration frequency analysis showed that there
was no virtual frequency for the optimized structure,
which corresponds to the minimum points on poten-
tial energy surface. The calculation process was per-
formed by Gaussian 09 program [38].

Total of 13 theoretical molecular descriptors were
selected for the preliminary model development
(Table 2), including double bond equivalent (DBE), the
largest negative partial net charge on a carbon atom
(Q�

c ), the largest positive net charge on a hydrogen
atom (Qþ

h ), total energy (TE), surface area (SAG),
molecular volume, hydration energy (HE), partition
coefficient (Log P), refractivity (R), energy of the high-
est occupied molecular orbital (EHOMO), energy of the
lowest unoccupied molecular orbital (ELUMO), and
dipole moment (μ).

2.4. QSAR model analysis

Build QSAR [39] program was used to build the
QSAR models. The genetic algorithm (GA) method
and multiple linear regression (MLR) were adopted to
select the optimal combinations of descriptors for
QSAR models. The combination of the genetic
algorithm and multiple linear regression analysis
(GA-MLR) techniques was successfully applied to find
the best descriptors and to construct several QSAE
models [29,40,41]. GA method is an optimization algo-
rithm, which is used to search for the best model in
terms of the highest correlation coefficient and the low-
est standard deviation equations [39]. The control

Table 1
List of experiments conducted for the degradation of VOCs with activated SPS oxidation

Experiment Na2S2O8 (g/L) Fe2+ (mM) CA (mM) EDTA (mM)

1 5 0 0 0
2 5 0.36 0 0
3 5 0.36 0.072 0
4 5 0.36 0 0.072
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(Å
2
)

V
o
lu
m
e

(Å
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parameters were as follows: total variables in models
ranging from 1 to 4, the number of models per genera-
tion 30, mutation probability 35%, the number of
generation 200 [30]. The data-set of 51 compounds was
divided into two groups: 46 compounds were used as
training set to develop the models, and five com-
pounds were used as test set for external validation.

3. Results and discussion

3.1. Degradability of VOCs by persulfate oxidation

Table 3 shows the results of VOC degradation by
SPS over time. Most of the VOCs could be degraded
by SPS of 5 g/L. At room temperature (20˚C), 35 of
the 51 VOCs degraded over 25% after 48 h. The ratio
of degradation increased with reaction time. The con-
centration of VOCs changed little in the first 6 h.
Degradation of some VOCs was observed after 12 h.
After 48 h, 16 VOCs degraded over 90%. However, no
obvious degradation was observed on most alkanes.

Table 4 shows the results of VOC degradation by
Fe2+-activated sodium persulfate (SPS-Fe(II)) over
time. Most of the VOCs showed elevated degradation
efficiency compared with the reaction with inactivated
SPS, which confirmed the enhancement of SPS oxidiz-
ing capacity with Fe2+ activation. For dibro-
mochloromethane, bromoform, 1,2,3-trichloro-propane,
1,1,2,2-tetrachloroethane, and 1,2-dibromo-3-chloro-
propane, significant differences of degradation were
observed between SPS treatment and SPS-Fe(II) treat-
ment. After 48 h reaction, 40 of the 51 VOCs had a
percentage of degradation over 25%, 31 VOCs
degraded over 90%.

The results above demonstrated that Fe2+-activated
SPS could effectively degrade the targeted VOCs.
However, excess Fe2+ in solution would act as scav-
engers of sulfate free radicals (Eq. (5)) and adversely
affect the effectiveness of oxidation. To control the
presence of excess Fe2+, chelating agents CA and
EDTA were added, respectively, and the molar ratio
of Fe2+ to CA/EDTA used in this study was 1: 5.
Table 5 shows the results of VOC degradation with
SPS, SPS-Fe(II), SPS-Fe(II)/CA, and SPS-Fe(II)/EDTA
in 12 h. Assessed by the overall removal of VOCs,
systems activated with chelated ferrous ion demon-
strated improved reactivity.

3.2. Kinetic parameters of degradation of VOCs

The degradation of VOCs was usually reported to
follow pseudo-second-order kinetics [20,42,43], as
follows:

1

Ct
¼ 1þ kobsC0t (6)

where kobs is the second-order rate constant, t is reac-
tion time, C0 and Ct are the concentration of reactant
at time zero and t, respectively. Data from batch
degradation experiments of VOCs by various oxidants
were fitted with Eq. (6), and the results are shown in
Table 6. As can be seen, the degradation of most
VOCs by SPS was fitted well with the second-order
model. Activated SPS exhibited stronger oxidation
capacity with much larger rate constant than its inacti-
vated state. Degradation of most VOCs yielded high-
est rate constant with Fe(II)/CA as the activator,
followed by Fe(II)/EDTA, which indicated that chelat-
ing agents could increase the stability and solubility of
ferrous ion as well as the reaction efficiency of the
system.

The experimental results demonstrated that activa-
tion of SPS can significantly improve the degradation
rate of certain VOCs. For example, the degradation
rate constants of 1,3,5-trimethylbenzene by the activa-
tion methods of ferrous ion, Fe(II)/CA, Fe(II)/EDTA
are 0.4096, 3.182, 0.523 L μg−1 h−1, respectively. Com-
pared to the rate (0.0045 L μg−1 h−1) by SPS oxidation
alone, the rates by three enhanced activation methods
are significantly improved by 91, 707, and 116 times.

3.3. QSAR model of VOC degradation by ferrous-activated
persulfate oxidation

The logarithm of rate constants of VOC degrada-
tion by SPS-Fe(II) (Log k) was taken to build QSAR
model. GA-MLR was applied to select the relative
optimal MLR regression model, as shown in Table 7.
Results indicated that the regression coefficients of
MLR model no longer increase when the number of
descriptors is over three. Therefore, three-variable
MLR model is taken as the optimized model with
EHOMO, DBE, and Q�

c as descriptors.

�log k ¼ �1:571EHOMO þ 2:605Q�
c � 0:131DBE� 7:717

(7)

Table 7 also shows that, EHOMO, one of the most
important quantum chemical descriptors, has a major
contribution to VOC degradation in 1-, 2-, 3-varialbe
models. The value of EHOMO positively correlates with
the degradation rate of VOCs. The energies of frontier
molecular orbitals, including EHOMO, ELUMO, EGAP,
has successfully applied to the construction of many
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Table 3
Degradation of 51 VOCs over time with SPS

Compound

Concentration of VOCs (μg/L)

% Degradation at 48 h0 6 12 24 48

1,1-Dichloroethene 269 241 177 100 57 78.9
Methylene Chloride 261 261 237 219 213 18.1
trans-1,2-Dichloroethylene 265 255 209 157 123 53.7
1,1-Dichloroethane 255 261 236 227 220 13.6
cis-1,2-Dichloroethylene 249 242 198 149 117 53.2
Bromochloromethane 256 260 236 220 215 16.3
Chloroform 246 252 229 218 213 13.5
1,2-Dichloroethane 247 252 227 207 202 18.3
1,1,1-Trichloroethane 252 263 233 219 212 15.6
1,1-Dichloropropene 248 201 121 50 15 93.9
Carbon chloride 251 262 233 215 207 17.5
Benzene 246 217 149 75 35 85.7
Dibromomethane 265 279 259 240 232 12.3
1,2-Dichloropropane 252 267 240 226 219 12.9
Trichloroethylene 253 239 187 125 86 66.1
Dichlorobromomethane 248 256 233 219 212 14.6
cis-1,3-Dichloropropene 240 236 194 139 101 57.8
trans-1,3-Dichloropropene 238 234 191 130 93 61.1
1,1,2-Trichloroethane 247 263 242 219 208 16.0
Toluene 256 203 114 42 9 96.4
1,3-Dichloropropane 241 253 234 209 197 18.5
Dibromochloromethane 250 262 242 215 202 19.0
1,2-Dibromoethane 249 263 243 214 202 18.9
Tetrachloroethylene 260 247 196 130 90 65.4
1,1,2,2-Tetrachloroethane 258 275 258 203 188 27.4
Chlorobenzene 248 225 164 86 46 81.5
Ethylbenzene 245 200 119 44 12 95.3
p-Xylene & m-Xylene 488 368 196 62 10 97.7
Bromoform 248 263 244 201 187 24.5
Styrene 244 144 51 9 ND 99.7
o-Xylene 244 186 99 31 5 97.8
1,2,3-Trichloro-propane 230 245 229 183 173 25.1
Isopropyl benzene 242 202 126 50 16 93.6
Bromobenzene 237 207 144 67 31 86.8
n-Propylbenzene 239 194 118 44 13 94.6
2-Chlorotoluene 238 190 111 39 10 96.0
p-Chlorotoluene 520 361 167 46 9 98.3
1,3,5-Trimethylbenzene 239 179 93 28 5 98.1
tert-Butylbenzene 246 201 125 54 18 92.5
1,2,4-Trimethylbenzene 238 179 96 30 5 97.7
p-Propyl-toluene 239 199 127 52 18 92.4
1,4-Dichlorobenzene 247 237 188 120 88 64.2
1,3-Dichlorobenzene 248 227 170 90 53 78.5
p-Isopropyltoluene 241 188 109 38 11 95.4
1,2-Dichlorobenzene 245 234 190 117 84 65.6
n-Butylbenzene 232 186 112 41 13 94.6
1,2-Dibromo-3-chloro-propane 245 260 248 191 175 28.7
1,2,4-Trichlorobenzene 237 232 192 109 76 67.7
Naphthalene 248 205 139 60 34 86.2
Hexachlorobutadiene 227 232 216 197 183 19.5
1,2,3-Trichlorobenzene 256 273 244 174 151 40.9

Notes: The reported data are the averages of three replicate experiments.

The data >2 μg/L are used to determine the degradation rate.

ND <2 μg/L (practical quantification limit).

12552 X. Zhu et al. / Desalination and Water Treatment 57 (2016) 12546–12560



Table 4
Degradation of 51VOCs over time with Fe(II)-activated SPS

Compound

Concentration of VOCs (μg/L)

% Degradation at 48 h0 6 12 24 48

1,1-Dichloroethene 269 200 138 25 ND 99.6
Methylene Chloride 261 226 241 209 222 14.8
trans-1,2-Dichloroethylene 265 213 187 83 8 97.1
1,1-Dichloroethane 255 221 237 213 223 12.8
cis-1,2-Dichloroethylene 249 203 179 94 23 90.7
Bromochloromethane 256 224 239 200 214 16.4
Chloroform 246 215 230 201 214 13.1
1,2-Dichloroethane 247 214 228 183 200 19.2
1,1,1-Trichloroethane 252 225 236 209 209 16.8
1,1-Dichloropropene 248 155 68 2 ND 100.0
Carbon chloride 251 225 236 203 198 21.2
Benzene 246 167 99 11 ND 99.9
Dibromomethane 265 222 252 207 222 16.2
1,2-dichloropropane 252 215 236 203 214 15.2
Trichloroethylene 253 193 154 52 2 99.2
Dichlorobromomethane 248 216 232 198 199 19.9
cis-1,3-Dichloropropene 240 193 169 74 7 96.9
trans-1,3-Dichloropropene 238 187 167 63 6 97.5
1,1,2-Trichloroethane 247 209 235 179 189 23.5
Toluene 256 148 57 ND ND 100.0
1,3-Dichloropropane 241 206 228 171 181 25.0
Dibromochloromethane 250 214 235 173 165 33.8
1,2-Dibromoethane 249 204 233 170 182 26.7
Tetrachloroethylene 260 198 160 55 3 98.7
1,1,2,2-Tetrachloroethane 258 214 239 149 165 36.4
Chlorobenzene 248 169 113 16 ND 100.0
Ethylbenzene 245 147 63 2 ND 100.0
p-Xylene & m-Xylene 488 266 88 ND ND 100.0
Bromoform 248 208 231 152 140 43.4
Styrene 244 79 7 ND ND 100.0
o-Xylene 244 133 43 ND ND 100.0
1,2,3-Trichloro-propane 230 194 216 143 148 36.0
Isopropyl benzene 242 150 70 3 ND 100.0
Bromobenzene 237 160 95 9 ND 100.0
n-Propylbenzene 239 146 64 2 ND 99.9
2-Chlorotoluene 238 141 56 ND ND 99.9
p-Chlorotoluene 520 230 68 ND ND 100.0
1,3,5-Trimethylbenzene 239 127 38 ND ND 100.0
tert-Butylbenzene 246 155 72 4 ND 100.0
1,2,4-Trimethylbenzene 238 128 41 ND ND 100.0
p-Propyl-toluene 239 152 74 4 ND 99.9
1,4-Dichlorobenzene 247 184 148 48 3 98.8
1,3-Dichlorobenzene 248 175 122 22 ND 99.9
p-Isopropyltoluene 241 138 54 3 2 99.3
1,2-Dichlorobenzene 245 181 147 44 3 98.9
n-Butylbenzene 232 142 60 2 ND 99.9
1,2-Dibromo-3-chloro-propane 245 199 227 128 140 42.9
1,2,4-Trichlorobenzene 237 178 148 37 5 98.1
Naphthalene 248 140 71 3 4 98.5
Hexachlorobutadiene 227 212 209 179 161 29.3
1,2,3-Trichlorobenzene 256 214 210 90 54 79.1

Notes: The reported data are the averages of three replicate experiments.

The data >2 μg/L are used to determine the degradation rate.

ND <2 μg/L (practical quantification limit).

X. Zhu et al. / Desalination and Water Treatment 57 (2016) 12546–12560 12553



Table 5
Summary of degradation of VOCs by SPS under different activation conditions

Compound

% Degradation at 12 h
% Degradation at 48 h
with SPS-Fe(II)/CASPS SPS-Fe(II) SPS-Fe(II)/CA SPS-Fe(II)/EDTA

1,1-Dichloroethene 34.0 48.6 74.1 63.5 99.7
Methylene Chloride 9.2 7.5 9.5 17.7 29.2
trans-1,2-Dichloroethylene 20.9 29.5 47.4 41.3 99.2
1,1-Dichloroethane 7.7 7.1 3.2 11.8 14.6
cis-1,2-Dichloroethylene 20.6 28.2 42.0 39.3 100.0
Bromochloromethane 7.9 6.9 7.5 14.2 22.8
Chloroform 6.8 6.4 5.0 12.2 19.5
1,2-Dichloroethane 8.3 7.9 8.9 15.0 21.9
1,1,1-Trichloroethane 7.5 6.3 7.5 16.5 21.4
1,1-Dichloropropene 51.3 72.4 93.0 83.8 100.0
Carbon chloride 7.4 6.1 9.5 17.2 24.5
Benzene 39.7 59.9 83.4 72.1 99.9
Dibromomethane 2.3 5.0 3.1 10.5 30.2
1,2-dichloropropane 4.6 6.2 2.8 11.7 21.2
Trichloroethylene 26.1 39.1 61.0 51.2 99.8
Dichlorobromomethane 6.1 6.7 6.8 13.2 29.2
cis-1,3-Dichloropropene 19.4 29.7 45.8 39.6 98.5
trans-1,3-Dichloropropene 19.9 30.0 47.9 40.8 98.8
1,1,2-Trichloroethane 2.0 4.9 3.6 10.2 29.1
Toluene 55.6 77.9 95.8 88.1 100.0
1,3-Dichloropropane 2.9 5.7 6.5 11.0 31.0
Dibromochloromethane 2.9 5.9 9.8 13.8 44.1
1,2-Dibromoethane 2.3 6.4 6.5 12.0 35.2
Tetrachloroethylene 24.6 38.7 59.8 50.8 99.5
1,1,2,2-Tetrachloroethane 0.1 7.4 11.5 16.3 37.5
Chlorobenzene 33.9 54.6 78.8 67.1 99.9
Ethylbenzene 51.5 74.2 94.3 85.6 100.0
p-Xylene & m-Xylene 59.9 82.1 97.6 91.5 100.0
Bromoform 1.7 6.9 13.4 16.0 49.0
Styrene 79.0 97.3 99.9 99.4 100.0
o-Xylene 59.4 82.2 97.5 91.7 100.0
1,2,3-Trichloro-propane 0.8 6.4 11.6 15.2 33.2
Isopropyl benzene 48.0 71.0 92.6 83.0 100.0
Bromobenzene 39.1 59.9 84.7 73.4 100.0
n-Propylbenzene 50.7 73.3 93.8 84.9 100.0
2-Chlorotoluene 53.4 76.3 95.2 87.3 100.0
p-Chlorotoluene 67.9 86.9 98.0 93.9 100.0
1,3,5-Trimethylbenzene 61.1 84.1 98.1 93.0 100.0
tert-Butylbenzene 49.1 70.6 91.4 82.0 100.0
1,2,4-Trimethylbenzene 59.7 82.7 97.8 92.1 100.0
p-Propyl-toluene 46.9 69.1 91.3 81.5 100.0
1,4-Dichlorobenzene 23.9 39.9 60.8 52.0 99.6
1,3-Dichlorobenzene 31.5 50.7 74.4 63.7 100.0
p-Isopropyltoluene 54.8 77.8 95.2 88.3 99.0
1,2-Dichlorobenzene 22.5 40.0 62.2 52.8 99.7
n-Butylbenzene 51.8 74.1 94.1 85.6 100.0
1,2-Dibromo-3-chloro-propane – 7.4 14.0 14.6 40.5
1,2,4-Trichlorobenzene 19.0 37.5 60.8 48.9 99.4
Naphthalene 44.2 71.5 91.4 82.8 100.0
Hexachlorobutadiene 4.7 7.9 13.0 14.9 33.3
1,2,3-Trichlorobenzene 4.8 17.9 33.8 25.1 84.8

Note: “–” no degradation was observed.
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Table 6
The VOCs degradation rate constant (k) by SPS under different reaction conditions

Compound Name

SPS SPS-Fe(II) SPS-Fe(II)/CA SPS-Fe(II)/EDTA

k (L μg−1 h−1) R2 k (L μg−1 h−1) R2 k (L μg−1 h−1) R2 k (L μg−1 h−1) R2

1,1-Dichloroethene 3.05E−04 0.98 0.02058 0.74 0.02539 0.82 0.02728 0.77
Methylene Chloride 1.91E−05 0.78 1.17E−05 0.16 2.85E−05 0.80 3.81E−05 0.95
trans-1,2-Dichloroethylene 9.68E−05 0.97 0.00264 0.77 0.00948 0.75 0.00704 0.75
1,1-Dichloroethane 1.43E−05 0.71 8.94E−06 0.08 1.18E−05 0.71 2.85E−05 0.98
cis-1,2-Dichloroethylene 1.01E−04 0.97 8.26E−04 0.85 4.39E−04 0.92 0.00549 0.74
Bromochloromethane 1.77E−05 0.94 1.45E−05 0.92 2.05E−05 0.89 2.84E−05 0.94
Chloroform 1.50E−05 0.75 1.06E−05 0.24 1.77E−05 0.80 2.94E−05 0.97
1,2-Dichloroethane 2.12E−05 0.73 1.93E−05 0.11 1.97E−05 0.79 3.28E−05 0.95
1,1,1-Trichloroethane 1.79E−05 0.76 1.50E−05 0.26 1.75E−05 0.79 3.24E−05 0.92
1,1-Dichloropropene 0.00134 0.70 0.81981 0.55 0.28133 0.57 0.0801 0.67
Carbon chloride(CCl4) 2.05E−05 0.91 2.13E−05 0.72 2.17E−05 0.67 3.56E−05 0.94
Benzene 5.30E−04 0.76 0.1175 0.73 0.06986 0.70 0.07311 0.77
Dibromomethane 1.38E−05 0.97 1.26E−05 0.72 3.30E−05 0.84 3.83E−05 0.99
1,2-Dichloropropane 1.53E−05 0.74 1.20E−05 0.08 2.06E−05 0.88 3.14E−05 0.98
Trichloroethylene 1.70E−04 0.69 0.01096 0.14 0.0344 0.84 0.01701 0.74
Dichlorobromomethane 1.66E−05 0.98 1.90E−05 0.74 3.24E−05 0.73 3.90E−05 0.99
cis-1,3-Dichloropropene 1.26E−04 0.78 0.00276 0.53 0.00571 0.90 0.00375 0.78
trans-1,3-Dichloropropene 1.47E−04 0.98 0.00345 0.77 0.00732 0.77 0.00453 0.77
1,1,2-Trichloroethane 1.99E−05 0.98 2.53E−05 0.77 3.29E−05 0.76 3.96E−05 0.99
Toluene 0.00225 0.79 4.0361 0.38 2.90454 0.87 0.20654 0.66
1,3-Dichloropropane 2.33E−05 0.87 2.89E−05 0.71 3.62E−05 0.81 3.98E−05 1.00
Dibromochloromethane 2.33E−05 0.85 4.34E−05 0.42 6.27E−05 0.87 6.22E−05 0.99
1,2-Dibromoethane 2.37E−05 0.84 2.99E−05 0.74 4.26E−05 0.89 4.77E−05 0.99
Tetrachloroethylene 1.60E−04 0.82 0.00625 0.36 0.01717 0.87 0.01101 0.75
1,1,2,2-Tetrachloroethane 3.68E−05 0.98 4.98E−05 0.75 4.36E−05 0.75 4.68E−05 0.98
Chlorobenzene 3.89E−04 0.82 0.20706 0.46 0.14316 0.88 0.20986 0.72
Ethylbenzene 0.00177 0.98 1.30557 0.71 4.81392 0.75 2.28153 0.77
p-Xylene & m-Xylene 0.00379 0.89 0.70714 0.72 1.4602 0.74 9.54957 0.75
Bromoform 3.28E−05 0.85 6.73E−05 0.77 7.66E−05 0.93 7.23E−05 0.99
Styrene 0.03164 0.82 0.01236 0.79 0.2399 0.92 0.05262 0.54
o-Xylene 0.00385 0.77 0.09429 0.59 3.86706 0.54 0.64964 0.66
1,2,3-Trichloro-propane 3.69E−05 0.84 5.39E−05 0.67 3.98E−05 0.93 4.17E−05 0.97
Isopropyl benzene 0.0013 0.79 0.32989 0.58 1.24914 0.88 0.05828 0.67
Bromobenzene 6.05E−04 0.92 0.00461 0.73 0.0255 0.77 0.01077 0.70
n-Propylbenzene 0.00157 0.97 0.14126 0.72 0.53487 0.70 1.02192 0.74
2-Chlorotoluene 0.00216 0.91 0.17693 0.77 0.80581 0.83 0.14022 0.67
p-Chlorotoluene 0.00238 0.88 0.60458 0.79 1.64574 0.90 0.21626 0.66
1,3,5-Trimethylbenzene 0.00451 0.86 0.40963 0.75 3.18234 0.85 0.52274 0.66
tert-Butylbenzene 0.00109 0.84 0.80696 0.83 0.12887 0.91 0.03787 0.68
1,2,4-Trimethylbenzene 0.00386 0.93 0.38644 0.71 0.01541 0.67 0.46017 0.04
p-Propyl-toluene 0.0011 0.85 0.13051 0.83 1.02119 0.63 1.21124 0.72
1,4-Dichlorobenzene 1.62E−04 0.93 0.0071 0.74 0.02148 0.75 0.01095 0.75
1,3-Dichlorobenzene 3.25E−04 0.97 0.06471 0.75 0.39651 0.74 0.13971 0.72
p-Isopropyltoluene 0.00186 0.98 0.01372 0.72 0.00996 0.72 0.02788 0.92
1,2-Dichlorobenzene 1.74E−04 0.91 0.00754 0.94 0.02682 0.74 0.01304 0.75
n-Butylbenzene 0.00162 0.97 0.0991 0.76 0.19198 0.74 0.36456 0.79
1,2-Dibromo-3-chloro-propane 4.13E−05 0.92 7.02E−05 0.79 5.43E−05 0.90 5.51E−05 0.97
1,2,4-Trichlorobenzene 2.00E−04 0.82 0.00458 0.50 0.01388 0.96 0.00944 0.76
Naphthalene 5.56E−04 0.96 0.00667 0.80 0.00358 0.76 0.34823 0.66
Hexachlorobutadiene 2.50E−05 0.98 3.87E−05 0.52 4.43E−05 0.78 6.02E−05 0.98
1,2,3-Trichlorobenzene 6.52E−05 0.91 3.28E−04 0.96 4.59E−04 0.98 3.12E−04 0.94

Note: For those compounds with extraordinary low degradation rate, the regression coefficient could be less than 0.5 due to the

experimental error.
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QSAR models for the prediction of chemical toxicity,
drug activity, and biodegradation of organic matters
[29,30,44,45]. HOMO is the orbital that could act as an
electron donor, since it is the outermost (highest
energy) orbital containing electrons. A high value of
EHOMO indicates that the electrons are very active,
increasing the electron giving ability of organic com-
pounds, and consequently accelerating the degrada-
tion process [45]. Thus, the organic compounds are
more easily attacked by radicals and appear higher
reaction rates during the process of degradation.
Therefore, EHOMO is an appropriate indicator to pre-
dict and assess the difficulty level of VOC degradation
by radicals.

Q�
c is the largest negative net charge on a carbon

atom. The carbon atom with higher negative net
charge may have greater intermolecular electrostatic
attractive interactions with the hydrogen atoms, which
inhibits the abstract hydrogen reaction with radicals.
Therefore, higher Q�

c decreases the degradation rate
constants of VOCs.

DBE, also called degree of unsaturation, helps to
determine the number of rings, double bonds, and tri-
ple bonds present in a compound [46]. The com-
pounds with high DBE are easily attached by radicals,
and have higher degradation rates. Therefore, positive
correlation is expected between the logarithm of
degradation rate constants Log k and DBE.

The relationship between experimental and pre-
dicted rate constants is plotted in Fig. 1. In general,
the reaction rates obtained from the batch experiments
agreed well with the QSAR model prediction. The
highest deviations from experimental data were
observed for two compounds, which are naphthalene
and hexachlorobutadiene (marked as black filled cir-
cles). A possible reason for naphthalene and hex-
achlorobutadiene as outliers is that some relevant
structure feature of these two compounds was not
incorporated in the current model [30]. The QSAR
model plot of experimental and predicted –log k
(Fig. 1) also shows that, 51 VOCs could generally be
divided into three groups, illustrating the different

degradation rates of VOCs. Red, black, and green cir-
cles represent the rapid group, moderate group, and
slow group separately. The classification of three
groups comes from the cluster analysis performed in
the following section.

3.4. Cluster analysis of VOCs

Cluster analysis has been proved to be a good
exploratory data analysis method. QSAR analysis
revealed that EHOMO has a major contribution to
QSAR model. Based on all the degradation data-set by
four activated methods and EHOMO, hierarchical clus-
ter analysis (HCA) was further applied by SPSS soft-
ware, and hierarchical cluster graph was given, as
shown in Fig. 2.

United States Environmental Protection Agency
classifies the atmospheric organic matter degradation
by the radicals into four classes–rapid (<2 h), moderate
(2 h–1 d), slow (1–10 d), and negligible (>10 d) [47].
Based on degradation rates and HOMO level energy of
VOCs compounds, clustering method was used to

Table 7
Variable selection results based on the GA-MLR technique

No MLR model

Training set Test set

R2 rms F R2 rms

1 f(EHOMO) 0.741 0.798 197.14 0.769 0.371
2 f(EHOMO, Q

�
c
) 0.763 0.795 100.16 0.749 0.481

3 f(EHOMO, Q
�
c , DBE) 0.770 0.784 69.23 0.748 0.483

4 f(EHOMO, Q
�
c , Q

þ
h , R) 0.693 0.789 51.50 0.737 0.474

Fig. 1. Plot of experimental and predicted –Log k for the
data-set from VOCs degradation by SPS-Fe(II).
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Fig. 2. HCA of VOCs compounds.
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classify the tested compounds into three classes–rapid,
moderate, and slow. Among the 51 VOCs, 13 VOCs
are classified as rapid, 18 belong to moderate and 20
fell into slow, as shown in Table 8.

The division of VOCs in QSAR model plot (Fig. 1)
is similar to the three classes classified by cluster
analysis (Fig. 2). However, there is slight difference
between the two classifications of VOCs. For example,
cluster analysis shows that n-butylbenzene and
4-propyltoluene are categorized to moderate group,
while both compounds seems to be more easily
degraded in Fig. 1 (see black points in red dash-lined
eclipse). The main reason is that cluster analysis was
performed using all the degradation data-set, while
QSAR model (Fig. 1) only covered the data-set of VOC
degradation by SPS-Fe(II), indicating the differences of
degradability under varied activation conditions.

Monocyclic aromatic hydrocarbons such as ethyl-
benzene, toluene, and xylene are the dominant chemi-
cals in class rapid, while several halogenated
benzenes, 1,1-dichloropropene, and naphthalene are
also included. Members of class rapid appear very
amenable to persulfate oxidation. The results are in
agreement with previous findings that BTEX (benzene,
toluene, ethylbenzene, and xylene) and many mono-
cyclic aromatic hydrocarbons were highly degradable
and tended to degrade at faster rates than chlorinated
benzenes [13,22,48]. Styrene is the most easily degrad-
able organic compound in class rapid, since the
unsaturated bond on the phenyl ring increased its vul-
nerability to radicals. The removal of styrene in 6 h by
SPS alone is 41.2%, and was improved up to 95.5%
under ferrous activation.

Class moderate consists of 18 VOCs. Halogenated
aromatics and halogenated alkenes are the dominant
compounds in this class. Previous studies indicated
that halogenated aromatics could be degraded by SPS
oxidation [49,50]. Luo et al. [50] showed that thermally
activated persulfate could oxidize monochlorobenzene
in aqueous solutions. Waldemer et al. [51] studied the
degradation of PCE, TCE, cis-DCE, and trans-DCE
with heat-activated persulfate and found all these
chlorinated ethenes could degrade completely
with persulfate. In general, halogenated aromatic

compounds, including chlorobenzene and dichloroben-
zene, are slightly more difficult to be degraded than
the non-halogenated counterparts, due to the inductive
effect associated with the halogen atoms which results
in the reduction of electron density. In contrast, the
alkyl group of non-halogenated compounds could
introduce hyperconjugation effect, thus facilitate the
proton abstraction reaction by sulfate radicals [52].

Trihalide and quadri-halide alkanes are the domi-
nant compounds in class slow. Compared with halo-
genated alkenes, halogenated alkanes tend to be much
more recalcitrant to oxidation by SPS [13,53]. How-
ever, several researchers [21,49] proposed that
degradation of some chlorinated methanes and
ethanes by activated persulfate is still possible. The
number of halogen atom in a chemical structure
significantly affects the reactivity of VOCs–the larger
the number of halogen atom, the lower reaction rate
of organic compound with radicals, as the halogen
atoms makes the benzene ring less electronically rich.
For example, the reaction rate of p-chlorotoluene, 1,2-
dichlorobenzene, and 1,2,3-trichlorobenzene under
SPS alone is 0.0024, 0.00017, and 0.00006 L μg−1 h−1,
respectively.

4. Conclusion

In this study, the oxidation of 51 VOCs by SPS
with or without ferrous ion activation was investi-
gated. Four groups of VOCs treatment were studied.
Without activation, 16 VOCs had a percentage of
degradation over 90%, where 31 VOCs degraded over
90% under Fe(II)-activated SPS oxidation. Chelating
iron Fe(II)-CA and Fe(II)-EDTA were proved to be bet-
ter activators, which indicated chelating agents could
increase the stability and solubility of ferrous ion at
neutral pH, and control the concentration of free fer-
rous ion.

A GA-MLR was applied to select the descriptors to
build QSAR model. The main contribution to the
degradation rate was given by EHOMO, DBE, and Q�

c .
Based on cluster analysis of degradation rates and
main descriptors, the degradability of target VOCs
were classified into three classes–rapid, moderate, and
slow. The obtained statistically robust QSAR model
can be used for the assessment of VOC removal by
persulfate radicals as a part of environmental control
technology.
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