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of dense nonaqueous-phase
liquids in groundwater using pump-and-treat and
in situ chemical oxidation processes: a field test

Tian Xie, ab Zhi Dang,a Jian Zhang,c Qian Zhang,b Rong-Hai Zhang,bd

Chang-Jun Liaob and Gui-Ning Lu*a

Groundwater remediation is difficult because of the complexity of the treatment area and the presence of

various pollutants, and it is difficult to achieve using a single process. A combined pump-and-treat (P&T) and

in situ chemical oxidation (ISCO) system was used to remove dense nonaqueous-phase liquids (DNAPLs)

from groundwater at the field scale in this study. The underground water pH, electrical conductivity,

dissolved oxygen concentration, and SO4
2� concentration were used as indirect evidence of in situ

chemical reactions. Groundwater remediation using the P&T-ISCO process using 1.5% sodium persulfate

and 0.03% sodium hydroxide had a remarkable effect on DNAPLs, and the DNAPL diffusion distance was

much higher under pumping conditions than under natural conditions. During groundwater remediation,

the pollutant concentration positively correlated with the pH, electrical conductivity, and dissolved

oxygen concentration and negatively correlated with the SO4
2� concentration. In summary, P&T-ISCO

can effectively accelerate DNAPL degradation to give efficient groundwater remediation.
1. Introduction

Groundwater contamination with non-aqueous phase liquids
and dense non-aqueous phase liquids (DNAPLs) poses one of
the most difficult remediation challenges in the environmental
engineering eld.1 Water extraction occurs at almost all
groundwater decontamination sites. Pump-and-treat (P&T)
remediation oen initially decreases the contaminant concen-
tration in the extracted water, but then the concentration
decreases only gradually over decades.2 Conventional P&T
processes have a poor record in remediating DNAPL-
contaminated aquifers because of the low water solubilities
and aqueous diffusivities of DNAPLs.3 The hydrogeological
characteristics of a eld site (the electrical conductivity (EC),
well performance, and contamination distribution) are critical
to the performance of a P&T system.4 Cleaning up DNAPLs using
P&T processes is challenging because DNAPLs tend to remain as
a residue held in place by capillary pressure.1 Long plume
tailing (back-diffusion) can release persistent pollutants
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through molecular diffusion aer the primary source of
contamination has been decreased.5

Surfactant-enhanced remediation has been used to accel-
erate the solubilization andmobilization of DNAPLs during P&T
processes.6 In situ bioremediation using a surfactant foam has
been successfully used to mobilize and disperse trichloroethene
(TCE), and a bioaugmentation technique was used to remediate
the TCE in situ.7 Complete biological dechlorination of chlorinated
compounds such as TCE, cis-1,2-dichloroethene, and vinyl chlo-
ride (VC) to achieve clean-up objectives takes years.8 The less-
permeable zone continues to act as a source of groundwater
contamination during the post-bioremediation phase.

In situ chemical oxidation (ISCO) is a remediation technique
that was developed to clean up contaminated soil and ground-
water in situ. Chemical oxidation is a quicker groundwater
decontamination technique than bioremediation. Contaminated
solids and groundwater have been remediated in situ using Fenton
reagents,9 potassium permanganate,10,11 and persulfate.12 Pollutant
degradation during short oxidation periods has been assessed in
many laboratory and pilot-scale studies.9,13,14 However, few long-
term studies of DNAPL remediation have been conducted.

Remediation using a P&T process has been combined with an
advanced oxidation process to remove DNAPLs (e.g., TCE) in
a post-extraction (aboveground) step.15 Oxidants such as persulfate
used in ISCO have long-term slow oxidation effects on ground-
water pollutants.16 This could help control back-diffusion aer the
expected oxidation period has ended. Persulfate has a half-life of
weeks–months underground and is a promising oxidant for use in
ISCO.17,18 Activated persulfate is a novel ISCO oxidant that has been
RSC Adv., 2021, 11, 4237–4246 | 4237
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Fig. 1 Schematic diagram of the pollution plane.

Fig. 2 Schematic diagram of the pollution profile.
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combined with activation methods such as heating, adding tran-
sition metals ions, and creating alkaline conditions.19 The equa-
tions for persulfate activation are shown in eqn (1) and (2).20

Factors such as the pH, oxidation–reduction potential, and EC
have been used to predict the mobilities, distributions, and reac-
tivities of ISCO oxidants in the eld.21

S2O8
2� þ initiator/2SO4

��
(1)

SO4
�� þ e�/þ SO4

2� (2)
Table 1 Pump-and-treat and in situ chemical oxidation treatment phas

Phase

I

II

III

4238 | RSC Adv., 2021, 11, 4237–4246
Five types of DNAPL pollutants were continually monitored at
a test site during a P&T process for four months. The pollutant
concentrations in the monitoring wells uctuated soon aer the
P&T system was shut down, making it possible to determine the
effect of the ISCO-enhanced P&T process at the pilot scale on
back-diffusion of DNAPL pollutants.

The objective of this eld-scale study was to evaluate the
feasibility of using a P&T-ISCO process using sodium persulfate
oxidation to remediate groundwater contaminated with DNAPL
pollutants using sodium hydroxide as an alkaline agent.22

Indirect markers (the pH, EC, dissolved oxygen (DO) concen-
tration, and SO4

2� concentration) were monitored, and
a hydraulic dispersion simulation was performed to accurately
evaluate the mobility and reactivity of persulfate in the eld.
2. Materials and methods
2.1 Field site

The test site was at a demolished chemical industrial complex
in southern China. Improper disposal of chlorinated organic
solvents and solid waste at the site over the past few decades has
resulted in point-source pollution, and there are large amounts
of DNAPLs in the aquifer. A small-scale point pollution plume of
ve types of DNAPL was remediated in this study.

The pollution plume is shown schematically in Fig. 1 and 2.
The pollution plume was in the middle of an old workshop, and
the strata were, from top to bottom, miscellaneous, sill clay,
boulders, and mudstone. The groundwater generally ows from
southeast to northwest. The prole along the dashed line in
Fig. 1 is shown in Fig. 2. Geological drilling and hydrogeological
survey data indicated that the water level was 16.5 m below the
surface, the aquifer was 20 m thick, the permeability coefficient
was 1.0 � 10�2 cm s�1, and the hydraulic gradient was 0.002.
The VC, 1,1-dichloroethane (1,1-DCA), 1,2-dichloroethane (1,2-
DCA), 1,1,2-trichloroethane (1,1,2-TCA), and TCE concentra-
tions in original well were 3350, 59 120, 965, 917, and 320 mg
L�1, respectively. The well was seriously polluted and had good
hydraulic connections, which was very useful for this study.
Some wells for samplingmonitoring would be set around it, and
monitoring indicators included the pH, EC, DO, SO4

2�

concentration, and the ve pollutions concentration.
es

Implementation content

DNAPL pollutants were restored by P&T Technology, and the
concentration of which was continuously monitored. Only when the
level of contaminants tended to be stable could the extraction treatment
be stopped
DNAPL pollutants were restored by P&T-ISCO Technology, the extraction
treatment and in situ chemical oxidation injection were carried out
simultaneously. The pollutant concentration, water quality parameters,
and chemical diffusion were continuously monitored. Aer the pollutant
concentration reached the target value and tended to be stable, the
extraction treatment was stopped
The concentration of pollutants and SO4

2�were monitored continuously
until the level of pollutants remained stable for 90 days

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra10010b


Fig. 3 Pump-and-treat and in situ chemical oxidation treatment
process.

Fig. 4 Locations of the wells used in the pump-and-treat and in situ
chemical oxidation treatment tests.
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2.2 Methods

Various pollutants can be efficiently and cheaply degraded simulta-
neously using P&T techniques. ISCO can effectively remove refractory
pollutants, but it is expensive to treat large plumes. Therefore,
combining P&T and ISCO could be efficient and relatively cheap.

(1) Test phase. The P&T technique was used as the main
treatment, and the ISCO technique was used to supplement the
treatment and to complete the treatment of refractory pollutants.
The groundwater remediation eld test using the P&T-ISCO tech-
nique was divided into three phases, shown In Table 1 and Fig. 3.

(2) Test parameters. Before the eld test was performed,
groundwater samples were collected and analyzed to determine
parameters relevant to the P&T-ISCO technique. The parameters
used in the subsequent tests are shown in Table 2.

(3) Test layout. The original well, marked in Fig. 1, was used as
the chemical injection well, and an extraction well, reinjection
Table 2 Pump-and-treat and in situ chemical oxidation treatment para

Name

Extraction well
tank
Air stripping tower

Activated carbon adsorbers

Injection well

Chemical injection well

Chemical solution tank

Monitoring well

a The chemical demand was calculated using the Freundlich linear isothe

© 2021 The Author(s). Published by the Royal Society of Chemistry
well, and monitoring well were situated upstream and down-
stream, as shown in Fig. 4. A canvas water storage tank and
a chemical solution tank are shown in Fig. 5 and 6, respectively.

(4) Sampling. The testing process involved sampling and
analysis. The sampling and analysis requirements and param-
eters for each stage are shown in Table 3. And the sampling
method was in accordance with Chinese environmental
protection industry standard.24

Parameters including the pH, DO concentration, and EC
were measured using an Orion Star A329 multi-meter (Thermo
Fisher Scientic, Waltham, MA, USA) and ow-through cells.
TCE and the DCAs were extracted by liquid–liquid extraction
using hexane and were quantied using an Agilent 7890 gas
chromatograph (Agilent Technologies, Santa Clara, CA, USA)
equipped with an electron capture detector. Gas-phase
compounds such as acetylene, ethane, ethylene, and VC were
metersa

Parameter

The diameter was 250 mm and the ow was set as 60 m3 d�1

Two tanks of 70 m3 were set
Two stripping tower with a diameter of 1.8 m and a height of 5 m were
set, equipped with roots fans with a charge of 3 kW and an air volume of
4.23m3min�1. The gas water ratio was 100, hydraulic retention time was
120 min, and temperature was 25 �C
Two activated carbon adsorbers for wastewater with a diameter of 1 m
and a height of 1.3 m were set, and the diameter and height of the
activated carbon adsorber for waste gas were 1 m and 1.25 m,
respectively. The coal-based activated carbon should be controlled by the
following factors: the specic surface area was greater than 900 m2 g�1,
the adsorption rate of CCl4 was greater than 50%, the iodine value was
more signicant than 900 mg g�1, and the loading density distribution
was in the range of 550–500 g L�1

The diameter was 250 mm and the reinjection ow was consistent with
the extraction ow, which was set as 60 m3 d�1

The diameter was 200 mm and the injection ow rate was regulated to
meet the needs of simultaneous injection and no overow
Two chemical solution tanks of 10 m3 were set. 222.70 m3 of 1.5%
sodium persulfate solution and 0.05% sodium hydroxide would be
injected into the injection well
The diameter was 250 mm

rmal adsorption formula.23

RSC Adv., 2021, 11, 4237–4246 | 4239
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Fig. 5 Canvas water storage tank.

Fig. 6 Chemical solution tank.
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determined by placing liquid samples in headspace vials and
allowing gas–liquid equilibrium to be reached, then analyzing
the headspace gases using a gas chromatograph equipped with
a ame ionization detector. The sulfate concentrations were
determined using a Dionex ICS-5000 ion chromatograph
(Thermo Fisher Scientic).

3. Results and discussion
3.1 DNAPL removal

(1) Phase I: P&T. Groundwater was treated using the P&T
process from the 1st to the 120th day. It can be seen from Table 4
Table 3 Sampling and analysis requirements and parametersa

Detection index Purpose

Concentration of VC, 1,1-DCA, 1,2-DCA, 1,1,2-
TCA, TCE

Analyse the changing tr

pH, DO, EC Analyse the change of w
with injection

Concentration of Na2S2O8 Reect the diffusion of
Concentration of SO4

2- Analyse whether there w

a Analysis of water from the original well indicated that the vertical pollutan
at 27 m deep.

4240 | RSC Adv., 2021, 11, 4237–4246
and Fig. 7 that the ESMs for all ve pollutants had decreased aer
120 d of the P&T process and that the 1,1-DCA, TCE, and VC
concentrations had reached the target values (the maximum
concentration of each pollutant dened by the technical guidelines25

and the class IV of standard for groundwater quality26). P&T can
therefore effectively remediate various DNAPLs simultaneously.

The 1,2-DCA, TCE, and VC concentrations reached the target
values on the 60th day. The 1,1-DCA and 1,1,2-TCA concentra-
tions had decreased by 21.5% and 71.9%, respectively, but the
ESMs were still high (22.48 and 9.29, respectively). The initial
VC and 1,2-DCA concentrations were relatively low, and the
target value was easily reached. The boiling point of VC is
�13.8 �C, so VC could readily be separated as a gas from the
liquid phase at the stripping temperature of 25 �C.

The P&T process was unable to bring the 1,1-DCA and 1,1,2-TCA
concentrations to the target values by the 120th day, and the ESMs at
that point were 1.53 and 3.30, respectively. The 1,1-DCA concentra-
tion decreased at a markedly higher rate than the 1,1,2-TCA
concentration. Thehigh initial concentrationmeant that the 1,1-DCA
and 1,1,2-TCA removal rates were proportional to the Henry's law
coefficients (0.0059 and 0.0012, respectively).27–29 Thismeant that 1,1-
DCA was separated from the water more efficiently than 1,1,2-TCA.

The P&T process was stopped from the 120th to the 180th
day. The concentrations of the ve pollutants increased and
became stable, and the 1,2-DCA, TCE, and VC concentrations
(which had reached the target values) remained below the target
values. Increasing pollutant concentrations aer treatment stops is
a common phenomenon in P&T processes.30 This is because the
aquifer will contain large amounts of pebbles, coarse sand, and
loose sediment with large specic surface areas31,32 and adsorption
and desorption strongly affects the removal of pollutants at high
concentrations.33 It was therefore particularly important to
perform follow-up processing and ISCO.

(2) Phase II: P&T-ISCO. In this phase, ISCO was performed as
the P&T process continued. Pre-pumping was performed from
the 180th to the 182nd days, and sodium hydroxide and sodium
persulfate solutions were injected into the injection well on the
200th and 202nd days, respectively.

The test well was well connected to the aquifer, so the pollutant
concentrations were stable from the 180th to the 200th days and
were not affected by the two-day pre-pump episodes.
Sampling time: buried depth (frequency)

end of pollutants Phase I: 27 m (every 15 days)
Phase II: 27 m (every two days)
Phase III: 27 m (every 15 days)

ater quality parameters Phase II: 19, 22, 25, 27 m (every 2 days)

Na2S2O8 aer injection Aer Na2S2O8 injection: 27 m (every 2 hours)
as secondary pollution Phase II: 19, 22, 25, 27 m (every 2 days)

Phase III: 19, 22, 25, 27 m (every 15 days)

t distribution was uneven and the highest pollutant concentrations were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Dense nonaqueous-phase liquid concentrations in the test well

Name
Target value
(mg L�1)

Time (d)

0 60 105 120 180 204 208 224 228 318

VC 90 3350 60 65 66 73 58 57 60 56 61
1,1-DCA 565 59 122 12 701 915 864 1187 712 396 390 362 379
1,2-DCA 147 964 141 116 104 107 101 97 93 100 94
1,1,2-TCA 71 917 660 248 234 405 182 276 47 45 48
TCE 300 321 213 237 222 225 210 189 204 201 186

Fig. 7 Dense nonaqueous-phase liquid concentrations exceeding the relevant standards during the 318 d operating period.
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Large amounts of pharmaceuticals entered the aquifer
between the 202nd and 210th days, and the pollutant concen-
trations in the groundwater decreased sharply. Convection and
diffusion then caused the pollutants gradually to become
uniformly distributed throughout the groundwater
environment.

Aer the 212nd day, the 1,1-DCA and 1,1,2-TCA curves both
followed downward trends. The 1,1-DCA and 1,1,2-TCA ESMs were
2.16 and 3.29, respectively, but the 1,1-DCA concentration was
much higher than the 1,1,2-TCA concentration, and 1,1-DCA
reached the target value earlier than 1,1,2-TCA. The pollutant
concentration fell below the target value by the 224th day.

(3) Phase III: follow-up monitoring. The 1,1-DCA, 1,2-DCA,
1,1,2-TCA, TCE, and VC concentrations uctuated slightly (by
9.37%, 2.21%, 10.32%, 2.26%, and 12.10%, respectively) and
did not exceed the target values.

The concentrations of the ve pollutants uctuated over
time during the remediation process. This would have been
because the density of all ve DNAPLs was greater than water
and would have been unevenly distributed in the aquifer.34,35 It
would also have been caused by transformations between
halogenated organic compounds.36–38 These factors would have
caused small changes in the pollutant concentrations.
© 2021 The Author(s). Published by the Royal Society of Chemistry
The results described above indicated that the P&T process
directly affected various DNAPLs. The P&T process brought the
concentrations of three pollutants down to meet the target
values in 120 d. The 1,1,2-TCA and 1,1-DCA ESMs had decreased
by 78.5% and 28.6%, respectively, by the 120th day. The ISCO
process combined with the P&T process was very efficient and
appropriate, and the 1,1,2-TCA and 1,1-DCA concentrations
reached the target values within 22 d of the oxidant being
added. In summary, to use the P&T-ISCO process, the phase I
duration should be set according to the difficulty of degrading
the pollutants present. In particular, the phase I period should
be prolonged as appropriate when there are many pollutants
and the pollutant concentrations are much higher than the
target values. The amount of oxidant added should be increased
when the pollutant concentrations increase in phase II to
ensure that the pollutants are effectively degraded.
3.2 Water quality parameters

In phase II, the effect of Na2S2O8 activated by NaOH on the
removal of pollutants was affected by the groundwater envi-
ronment.39 The pH, DO concentration, and EC were monitored
at different depths, and the results are shown in Fig. 8–10.
RSC Adv., 2021, 11, 4237–4246 | 4241
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Fig. 8 pH values at different depths between days 180 and 228.

Fig. 10 Dissolved oxygen concentrations between days 180 and 228.
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It can be seen from the gures that the groundwater at
different depths in the test well before the chemical was injec-
ted had pH values of 6.85–7.62, ECs of 326–1293 mS cm�1, and
DO concentrations of 2.98–6.26 mg L�1. Aer 0.05% NaOH was
added to the test well, the pH of the groundwater in the test well
increased, reaching a maximum of pH 12.65 at 27 m deep. The
ECs also increased sharply, and the maximum ECs at 19, 22, 25,
and 27 m deep were 9.20 � 103, 1.31 � 105, 1.34 � 105, and 1.36
� 105 mS cm�1, respectively. The DO concentrations uctuated.
Aer 1.5% Na2S2O8 was added to the test well, the pH values
rst decreased and then became stable in the range pH 9.33–
9.93. The ECs uctuated and became stable aer 206 d. The ECs
on the 222nd day at 19, 22, 25, and 27 m deep were 734, 11 640,
14 840, and 12 500 mS cm�1, respectively. The DO concentra-
tions decreased over time, and the concentrations at 19, 22, 25,
and 27 m deep were 57.7%, 57.1%, 35.9%, and 53.6% lower,
respectively, than before the Na2S2O8 was added.

Correlations between the parameters and the ESMs for 1,1-
DCA and 1,1,2-TCA were assessed using SPSS soware (IBM,
Armonk, NY, USA). The Pearson correlation coefficients are
shown in Table 5. For 1,1-DCA, the EC positively correlated with
Fig. 9 Electrical conductivities at different depths between days 180
and 228.

4242 | RSC Adv., 2021, 11, 4237–4246
the ESM. For 1,1,2-TCA, the EC extremely positively correlated
with the ESM. For 1,1,2-TCA, the pH and DO concentration
positively correlated with the ESM.

The groundwater pH directly affected the chemical oxidant
reactivity, the DO concentration determined the activity and
activation ability of the water and gases, and the EC correlated
strongly with the ion concentrations.40,41 The pollutant
concentrations decreased as the pollutants reacted with
Na2S2O8, and the free energy at the interface of the chemical
system and the diffusion capacity decreased, so the EC and DO
concentration in the groundwater became less variable. The pH,
EC, and DO concentration eventually became stable when the
Na2S2O8 was consumed and the reaction was completed
because of groundwater excretion and recharge. In summary,
the pH, EC, and DO concentration were closely related to the
ESMs of the pollutants.
3.3 Hydraulic dispersion

Migration of S2O8
2� in the aquifer was simplied to a two-

dimensional dispersion problem in a one-dimensional stable
ow eld42 and the analytical expression of the S2O8

2�

concentration in the observation well at (x0, y0) could be written

C0 ¼ M

4pnut
ffiffiffiffiffiffiffiffiffiffiffi
aLaT

p exp

�
� ðx0 � utÞ2

4aLut
� y0

2

4aTut
� lt

�
; (3)

where C0 is the S2O8
2� concentration at time t at (x0, y0),M is the

instantaneous S2O8
2� mass at the unit aquifer thickness, n is

the effective porosity of the aquifer, u is the groundwater ow
rate, aL and aT are the vertical and horizontal dispersion
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Pearson correlation coefficients for the pH, electrical
conductivity (EC), and dissolved oxygen concentration (DO)a

Parameter 1,1-DCA 1,1,2-TCA

pH 0.36 0.467*
EC 0.447* 0.556**
DO 0.23 0.496*

a ** means that the correlation coefficient was signicant at the 1%
level, * means that the correlation coefficient was signicant at the
5% level.

Table 6 S2O8
2� diffusion distances under different conditions

Time (h)

The diffusion distance (m)

Pumping condition (u
¼ 0.035 m h�1)

Natural condition
(u ¼ 0.0041 m h�1)

6 1.17 0.20
12 1.85 0.40
24 2.92 0.70
36 3.83 0.93
48 4.67 1.14
60 5.45 1.33
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degrees of the aquifer, respectively, and l is the S2O8
2� atten-

uation coefficient.
The S2O8

2� concentrations at (0,0) and (1,0) were deter-
mined. The data were processed using eqn (3), and a curve was
tted to give the parameters aL, aT, u, and l. The M value was
3768 mgm�1, n was 0.37, and aL, aT, u, and l were 0.17 m, 0.035
m h�1, 0.009, and 0.02 m, respectively. The relationships
between the S2O8

2� concentration and time in the chemical
injection well and the observation well are shown in Fig. 11.

These parameters were processed using eqn (3), and the
S2O8

2� diffusion distances under pumping and natural condi-
tions are shown in Table 6. The relationship between the S2O8

2�

concentration and x0 is shown in Fig. 12.
It can be seen from Fig. 12 that the maximum S2O8

2�

concentration decreased as time increased and the S2O8
2�

concentration decreased markedly as the diffusion distance
increased. Aer 24 h, the maximum concentration was <20% of
the initial concentration. The S2O8

2� consumption rate in the
groundwater was therefore very high and should have been suffi-
cient for S2O8

2� injection to cause effective diffusion and ensure
remediation. It can see from Table 6 that the S2O8

2� diffusion
distances under pumping and natural conditions were 1.17–5.45
and 0.20–1.33 m, respectively. In other words, the diffusion
distance was 3.1–5 times higher under pumping conditions than
natural conditions and the S2O8

2� diffusion distance was much
Fig. 11 S2O8
2� concentrations between days 0 and 68.

© 2021 The Author(s). Published by the Royal Society of Chemistry
higher at the pumping velocity than at the natural speed. ISCOwas
therefore enhanced by increasing the ow rate.

In practice, ISCO oen requires large investments of time
and money.43,44 Slow chemical diffusion also causes high
chemical concentrations in the local groundwater-soil envi-
ronment. As mentioned above, the P&T-ISCO process could
cause a fast and stable groundwater ow eld to form and could
increase the migration speeds of chemicals through hydraulic
drive. This would cause the distances chemicals would diffuse
and the effective scope to increase, meaning the groundwater
remediation efficiency would be considerable.

The P&T-ISCO process gave a higher remediation efficiency
and shorter remediation time than the ISCO process. The
advantages of the ISCO process were retained and the side
effects were weakened, so the P&T-ISCO process wasmuchmore
efficient than the ISCO process.

3.4 SO4
2� variations

The P&T-ISCO process strongly positively affected groundwater
remediation, but the high SO4

2� concentration remaining in
the groundwater aer remediation meant that temporal varia-
tions in the SO4

2� concentrations needed to be assessed.
It can be seen from Fig. 13 that, from the 200th to the 204th

days, the SO4
2� concentration increased almost linearly aer
Fig. 12 S2O8
2 concentration plotted against diffusion distance.
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Fig. 14 Relative SO4
2�concentrations between days 204 and 318.

Fig. 13 SO4
2� concentrations at different depths between days 180

and 318.
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Na2S2O8 was injected and that the maximum SO4
2� concentra-

tions at 19, 22, 25, and 27 m deep were 1.58 � 104, 1.86 � 104,
1.68 � 104, and 1.45 � 104 mg L�1, respectively. As the reaction
proceeded, the SO4

2� concentrations at different depths rst
decreased and then gradually stabilized. The SO4

2� concentra-
tion at 19 m decreased most markedly. When Na2S2O8 was
activated by NaOH, the S2O8

2� concentration decreased as the
pollutants decomposed and the SO4

2� concentration increased.
During the chemical oxidation process, the SO4

2� concentration
negatively correlated with the contaminant concentrations.

For the samples from different depths, the mean SO4
2�

concentration between days 180 and 200 was used as the initial
concentration C0, the SO4

2� concentration at another time was
labeled C, and the relative SO4

2� concentration was expressed
as C/C0. Regression analysis of the SO4

2� concentration over
time was performed using SPSS soware. The correlation coeffi-
cients for the models decreased in the order polynomial model,
Table 7 Curve fitting equation parameters for the relative SO4
2� conce

Groundwater
depth

Fitting equation: C/C0 ¼ �A1t
3 + A2t

2 + A3t + B

A1 A2

19 m �3.49 � 106 2.54 � 106

22 m �3.89 � 106 2.83 � 106

25 m �3.87 � 106 2.82 � 106

27 m �4.28 � 106 3.13 � 106

4244 | RSC Adv., 2021, 11, 4237–4246
power function model, compound model, exponential model,
logarithmic model, linear model, meaning the polynomial model
tted the data better than the other models. Even though the
polynomialmodel tted the data best (had a correlation coefficient
R closest to 1), the serious variations in the high-ordermodel at the
end of the data interval meant that the model was not suitable for
making predictions. The third-order polynomial tting model was
therefore used to decrease the sensitivity of the model to small
variations in the data. The curves are shown in Fig. 14 and the
curve tting equation parameters are shown in Table 7.

According to the correlation coefficient test table,45 the number
of degrees of freedom was 6, and the minimum R values at the
condence levels of 0.10, 0.05, and 0.01 were 0.62149, 0.70673, and
0.83434, respectively. It can be seen from Table 7 that the third-
order tting correlation coefficients for 19, 22, 25, and 27 m
deep were 0.910, 0.973, 0.936, and 0.967, respectively. These R
values were all higher than the minimum R value. The third-order
polynomial equation tted the data well, and some curves partly
predicted variability in the SO4

2� concentration. The relative SO4
2�

concentration in groundwater decreased slowly over time.
High SO4

2� concentrations aer remediation using ISCO
groundwater processes have concerned many researchers. In
many ISCO processes, sodium persulfate is activated using an
alkali, potassium permanganate, a Fenton reagent, or ozone. All
of these oxidizing chemicals give good remediation effects.
However, ozone is expensive to produce in practice, potassium
permanganate will markedly increase the MnO4

� concentration
in groundwater, Fenton reagents will harm the soil environment at
very low pH values and add large amounts of ferrous ions, and
sodium persulfate activated by an alkali will leave large numbers of
SO4

2� ions. Our results and the results of many previous studies
indicate that the large numbers of SO4

2� ions remaining in
groundwater aer using sodiumpersulfate activated using an alkali
will not be readily degraded because they will be involved in few
chemical reactions. However, dilution, recharging, excretion, and
biological activities in groundwater will slowly decrease the SO4

2�

concentration in groundwater decreases. The SO4
2� concentration

will usually return to the concentration before remediation aer 6
months. Using sodium persulfate activated using an alkali will not
generally cause long-term adverse effects on the environment and
offers more advantages than other oxidizing agents in practice.
4. Conclusions

The removal of DNAPLs from groundwater using combined P&T
and ISCO processes was studied, and variations in the pH, EC,
ntrations

Correlation
coefficient
RA3 B

�6.16 � 106 4.97 � 106 0.910
�6.85 � 106 5.53 � 106 0.973
�6.91 � 106 5.62 � 106 0.936
�7.63 � 106 6.21 � 106 0.967

© 2021 The Author(s). Published by the Royal Society of Chemistry
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DO concentration, and SO4
2� concentration were assessed. The

practical use of the P&T-ISCO process was simulated. The
results are summarized below.

(1) The effect on groundwater remediation of P&T-ISCO
using 1.5% sodium persulfate and 0.05% sodium hydroxide
was remarkable. As the DNAPL concentrations decreased the
pH, EC, and DO concentration tended to become stable and
ESM was strongly related to these parameters.

(2) The reaction–diffusion of oxidants and DNAPLs in
groundwater was similar to two-dimensional dispersion in
a one-dimensional steady ow eld. The vertical and horizontal
distributions in the aquifers were 0.17 and 0.02 m, respectively.
The P&T-ISCO process increased the migration speed through
hydraulic driving, which was conducive to diffusion of the
chemicals.

(3) During the groundwater restoration process, the SO4
2�

concentration negatively correlated with the pollutant concen-
tration. A cubic polynomial curve was tted to the relative SO4

2�

concentration. The correlation coefficient R was higher than the
critical value, and the curve tted the data better than the other
models that were used. The relative SO4

2� concentration
decreased slowly over time aer the groundwater remediation
process was stopped.
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