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Abstract

In-situ chemical oxidation (ISCO) with persulfate, an electrically conductive oxidant,
provides a powerful signal for noninvasive geophysical techniques to characterize the
remediation process of hydrocarbon contaminants. In this study, remediation with
ISCO is conducted in laboratory sandboxes to evaluate the ability of electrical
resistivity tomography (ERT) for monitoring the base-activated persulfate remediation
process of diesel-contaminated soil. It was found that the resistivity of contaminated
sand significantly decreased from 846 Q-m to below 10 Q-m after persulfate injection,
and all measured chemical parameters showed a noticeable increase. Natural
degradation and contamination plume migration were not evident in a reference
sandbox without treatment. The area with a resistivity ratio < 0.95 based on imaging
before and after injection indicated downward migration of the oxidation plume due to
density-driven flow. A comparison between remediation and reference sandboxes
showed that the observed resistivity decrease can be due to both contaminant
degradation as well as the oxidation plume itself in the contaminated source zone. In
contrast, the resistivity decrease in the area with low contamination concentration is
attributed to the oxidation plume alone. The derived relationships between resistivity
and contaminant indicators further emphasize that the contribution of contaminant
consumption to resistivity change in the source area is 25.6%, while it is less than 16%
in the low or non-contaminated area. Although this study showed that resistivity is not
solely affected by the chemical transformation of diesel components, it can be

combined with sampling data to allow an assessment of the effectiveness of ISCO



treatment and to identify target areas for subsequent treatment.
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1. Introduction

Hydrocarbon contamination of soil and groundwater represents a threat to the
environment and human health. The presence of these compounds, e.g., gasoline, diesel
or lubricants, in the environment may be associated with a variety of anthropogenic
activities, such as oil extraction, leaks from storage tanks or pipelines, as well as
smelting and oily wastewater discharge (Pinedo et al., 2013). Besides natural
attenuation of contaminants (Serrano et al., 2008), various technologies, such as
bioremediation (Imron et al., 2020), surfactant flushing (Karthick et al., 2019), and
redox degradation (Flores Orozco et al., 2018), have been used to remediate soil or

groundwater contaminated with hydrocarbons.

In-situ chemical oxidation (ISCO) is a soil remediation technique that is highly
effective in removing contaminants, such as petroleum and halogenated hydrocarbons
(Huling and Pivetz, 2006). Persulfate (S20s*) is a powerful oxidant with a redox
potential (E°) of 2.01 V and is more persistent within soil than many other ISCO
oxidants (Yen et al., 2011). In addition, persulfate can be activated to further increase
its reactivity. Activation can be achieved by four main methods relying on the addition
of hydrogen peroxide, ferrous or chelated iron, heat, or bases to achieve a high pH
(Huling and Pivetz, 2006). In particular, base activation (high pH) of persulfate has
been applied in around 60% of the ISCO remediation studies with persulfate (Furman
et al., 2010). After base activation, powerful oxidants can be generated depending on

the achieved pH, in particular sulfate (SO4™, E’=2.6 V) and hydroxyl radicals (OH’,



E’=2.7 V) (Huling and Pivetz, 2006). These radicals with strong oxidizing properties
can consume many petroleum contaminants, such as benzene and polyaromatic
hydrocarbons. The implementation of ISCO remediation techniques at contaminated
sites needs to be accompanied by real-time monitoring to capture the development of
the chemical reaction characteristics of contaminants and oxidants for assessment

purposes.

Accurate information about remediation progress is usually constrained by the lack of
sampling density. The shortcomings of traditional monitoring methods have promoted
the application of geophysical methods (Lekmine et al., 2017). The electrical resistivity
method is the most commonly used geophysical technique in contaminant studies as
the subsurface resistivity depends heavily on the effective porosity, saturation and the
conductivity of the pore water (Binley and Slater, 2020). Electrical resistivity
tomography (ERT) is a non-destructive electrical imaging method that can be used from
the surface as well as between boreholes to obtain valuable information about the
distribution of the electrical properties of soils and aquifers. During resistivity
measurements, current is injected using two electrodes, while the potential difference
is measured at two other electrodes (Kemna et al., 2002). For a larger survey area, more
electrodes are needed and multi-channel measurements (Dahlin and Zhou, 2006) make
the ERT method faster and easier to perform in the field. ERT has been widely used in
a range of near-surface applications, including monitoring of groundwater flow (Coscia

et al., 2011), saline water intrusion (Alpaslan, 2021) as well as tracer tests (Miiller et



al., 2010).

Several studies have shown the potential of ERT measurements on sites contaminated
with petroleum hydrocarbon (e.g. Sentenac et al., 2015). Time-lapse ERT imaging was
found to be particularly powerful to monitor temporal changes in subsurface resistivity,
which is commonly related to the variation of saturation (water and/or oil), temperature
and pore fluid composition associated with migration, degradation, and remediation
(Seferou et al., 2013). Both numerical and field tests have illustrated that cross-borehole
surveys are best suited for reconstructing tracer paths and contaminant plumes
(Lekmine et al., 2017). Several laboratory studies have established a relationship
between resistivity and contaminant concentration by mixing different contents of
petroleum hydrocarbon contamination with uncontaminated soil (e.g., Schmutz et al.,
2010). For non-wetting oil, it was found that the measured resistivity correlates well
with the hydrocarbon content, i.e. a higher content corresponds to a higher resistivity
(Revil et al., 2011; Schwartz et al., 2012). Typically, laboratory as well as field studies
using ERT monitoring of petroleum hydrocarbon contamination have focused on the
migration of the contaminant plume (Halihan et al., 2017; Deng et al., 2017). Although
previous studies have used electrical resistivity methods to monitor the remediation or
degradation processes of petroleum hydrocarbons such as diesel (Mao et al., 2016),
monitoring of persulfate remediation has mostly been based on periodic chemical

sampling (He et al., 2022).



Within this context, the aim of the present work is to investigate the ability of ERT
monitoring of the ISCO remediation process to evaluate the effectiveness of persulfate
remediation in real time. Diesel was chosen as the hydrocarbon contaminant and the
remediation process by base-activated persulfate was monitored using cross-borehole
ERT measurements in laboratory experiments. Specifically, the relationship between
diesel content and resistivity is first verified by sand column measurements, and then
two parallel sandbox experiments were conducted. For both remediation and reference
sandbox tests, the resistivity changes of diesel contaminated soil were monitored
together with hydrochemical indicators. Additionally, contaminant indicators of soil
and water samples from the two sandboxes were measured after the monitoring

experiments.

2. Materials and Methods

2.1 Experimental setup and materials

Two identical sandboxes were designed for monitoring experiments, i.e., a remediation
sandbox with persulfate injection and a reference sandbox. The dimensions of both
sandboxes are 51 cm high x 60 cm long x 10 cm thick (Fig. 1). Non-polarizing Ag-
AgCl electrodes (4 mm in diameter) were fixed to the inner wall of the sandbox in 4
rows with 16 electrodes each (Fig. 1). The vertical spacing between electrodes was 2.7
cm, and the lowest electrode was located 3.8 cm above the bottom of the sandbox. Only
the tip of each electrode was allowed to have contact with the porous media, and the

remaining of the electrode was wrapped with insulated epoxy (Mao et al., 2015) to



mimic a point measurement to the extent possible.

Two measurement tubes were set up on both sides of the sandbox for hydrochemical
monitoring during the experiment. The lower 8 cm segment was punched similar to a
well screen to allow water sampling. The persulfate injection tube with a 5 mm inner
diameter was located in the center of the remediation sandbox, and the lower 10 cm
was punched with holes for persulfate outflow while the bottom of the tube was sealed
to allow only horizontal flow. All these components were made of PMMA to minimize
electrical disturbances. All experiments were performed at room temperature (25 +

2 °C).

Quartz sand with a median grain diameter of dso= 500£10 um, a porosity of 0.41+0.02
and a bulk density of 5.076 g/cm?® was used for all experiments (China, Macklin Co.,
Ltd.). The difference between the column’s unsaturated and saturated weight was used
to determine its porosity, and the ratio of weight to volume was used to determine its
bulk density. The maximum capillary rise of the quartz sand was 15 cm determined
using the standpipe method. Before the experiments, the quartz sand was washed with
distilled water and dried at 90 °C for 12 h. The sand was saturated with an NaCl
electrolyte with an electrical conductivity of 45 mS/m. The chemical substances sodium
persulfate (Na>S,0s, Analytical Reagent/AR, 99.7% purity), sodium hydroxide (NaOH,
AR) and sodium chloride (NaCl, AR) were acquired from Macklin Co., Ltd of Shanghai,

China. Diesel fuel was purchased from the Chinese Petroleum Corporation, China, and



its composition and characteristics are similar to those of diesel fuel no.1 reported by
Gad (2005). It is composed of about 75% saturated hydrocarbons, e.g., alkanes
(CnHa2n+2), cycloalkanes (CnHa2n), and 25% aromatic hydrocarbons, e.g., mono-aromatic
hydrocarbon (CyH2n-6). The diesel used in the experiments has a density between 0.82
and 0.86 g/ml. Typical atomic mass concentrations are approximately 86% C, 14% H
and a small amount of sulfur, depending on the crude oil source and cleaning quality.
Accordingly, the average chemical formula for diesel ranges from about CioHzo to

CisHos.

2.2 Column experiments

Bulk electrical conductivity of porous media can be influenced by both surface
conductivity and pore fluid conductivity, and these two contributions cannot easily be
separated in resistivity measurements (Lesmes and Frye, 2001). Therefore, additional
column experiments were conducted to separate the effects of surface conductivity and
diesel content. For this, laboratory columns similar to those reported by Mellage et al.
(2018) were used. The Ontash PSIP instrument (www.ontash.com) was used for
complex resistivity measurements using a four-electrode configuration. Resistivity
magnitude |p| = 1/|o| (in Q'm) and phase shift (—¢) (in mrad) were measured at 19

log frequency intervals between 0.001 and 1000 Hz.

Four different diesel concentrations were used, i.e., 0.0 g/kg, 10.6 g/kg, 63.5 g/kg and

105.9 g/kg. Based on the proportions of diesel and electrolyte, the desired oil and water



saturations were obtained and the content of diesel in the sand was calculated, while
the porosity was assumed to be constant. This resulted in a water saturation of 1.00,
0.95, 0.70 and 0.50 for the four different diesel concentrations. Note that the electrolyte
was added to sand first and diesel was then added, which was consistent with the
procedure for the preparation of samples with non-wetting oil reported by Revil et al.
(2011). Following the mixing, we packed the mixture tightly in the column. Similar
packing procedures can be found in previous studies (e.g., Schwartz et al., 2012). After
all columns were measured, about 5 pore volumes of base-activated persulfate solution
consisting of 3 M sodium hydroxide and 0.5 M persulfate was injected into the sand
column with a diesel content of 105.9 g/kg using a peristaltic pump, and the complex

resistivity response was measured again.

2.3 Diesel contaminated sand and base-activated persulfate remediation

Diesel was selected as the contaminant in this study are due to its low toxicity, relatively
low volatility, and its similar electrical characteristics to other hydrocarbons. The
diesel-contaminated sand used in the sandbox experiments was prepared in the same
way as in the column experiments using a diesel content of 105.9 g/kg. The pore space
was fully saturated with NaCl electrolyte for uncontaminated sand. Similar to the
packing method in the column experiments, the sand was put into the sandbox after
saturation and was manually compressed by a rectangular plate during the packing
process. The boundaries between contaminated and uncontaminated sand were

stabilized by two thin plates during sample preparation, which were removed after
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packing. The contaminated sand was packed in the middle of the sandboxes (x=26-34
cm, z=20-42 cm) (Fig. 1a). The whole packing process was completed within 40 min.
The filling height of the sand was 50 cm, and the water level in the monitoring tubes
on both sides was 25.5 cm. Thus, we assumed that the initial saturation height was 40.5
cm (water level height of 25.5 cm and 15 cm capillary rise). To minimize evaporation,
the top layer of sand was covered with a 1 cm thick layer of silt and the surface was

covered with plastic wrap.

Sodium hydroxide was used to activate the persulfate. The radicals generated in the
base-activated persulfate system are sulfate (SO47), hydroxyl (OH") and superoxide
radicals (02", E’=0.33 V) (Watts, 2011; Liang and Guo, 2012). The alkaline pH

environment promotes the following activating reactions:

NazS;0s + H,0 — SOs* + SO4% + 2H", (1)
Base

SOs* + H,O — HO» + SO4* + HY, (2)

S208% + HO2 — SO4~+ SO + H + 02 3)

The net reaction of base-activated persulfate decomposition is summarized as (Furman
et al., 2010):
28,08 + 2H,0 — 3S04* + S04~ + 02" + 4H". (4)
In conditions with pH > 10, formation of SO4™ may promote the formation of OH’,
initiating a series of radical propagation and termination chain reactions in which
organic compounds can be transformed (Liang and Lee, 2008):
SO4™ + H,0 — SO4* + OH' + H, (5)
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S04~ + OH — SO4* + OH". (6)
The simultaneous generation of SO4~, OH", and O™ leads to the generation of molecular
oxygen (Furman et al., 2010; Watts, 2011), i.e.,
OH + 0, — O + OH, (7)
S04~ + 02" — Oz + SO~ (8)
Thus superoxide (O2") is reductive and may constrain the effects of hydroxyl (OH") and
sulfate radicals (SO4™). SO4™ and OH" have been reported to play a dominant role in the
degradation of diesel. Although sulfate radicals are highly oxidizing, they are more
likely to react with short-chain aliphatic hydrocarbons and mono- or lower-cyclic
aromatic hydrocarbons in diesel by hydrogen extraction (Eq. 9) or electron transfer (Eq.
10) to produce oxidized organic compounds (Waldemer et al., 2007; Zhao et al., 2013).
In contrast, hydroxyl radicals can react with most components, including those that
cannot be oxidized by sulfate radicals, thus contributing to the breaking of C=C bonds
(Eq. 11) or extracting hydrogen from C-H bonds (Eq. 12). The resulting degradation

reactions can be written as (Cronk 2008):

S04~ + RH — R+ HSOx, (9)
S04~ + RH — RH" + HSOx,, (10)
OH" + RH — R+ H,0, (11)
OH' + RH — RH,O". (12)

where RH represents the organic carbon compounds, and R, RH™ and RH,O" represent

the oxidized organic compounds.
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To investigate base-activated persulfate remediation of diesel-contaminated soil, 0.5 M
sodium persulfate and 3 M sodium hydroxide (250 ml of each solution) were mixed
and immediately injected into the remediation sandbox using a peristaltic pump (20
mL/min) on day 21 after sample preparation. The ratio of persulfate to sodium
hydroxide was similar to Furman et al. (2010). The summary statistics of sandbox

experiment are shown in Table 1.

2.4 Data acquisition and processing

Resistivity measurements were conducted seven times throughout the monitoring
experiment, at day 11, 21, 38, 55, 115, 149 and 181. Measurements were collected in
triplicates using a “skip-two” and “skip-four” measuring protocol (Slater et al. 2000).
For each current electrode pairs AB, potential electrode pairs MN were selected with
the same skip. For example, for the “skip-two” protocol, for AB = 1 and 4, potential
electrode pairs MN = 5 and 8, 6 and 9, and so on were measured; while for the “skip-
four” protocol, for AB =1 and 6, MN = 7 and 12, 8 and 13, and so on were measured.
In this way, the measurement array also contained reciprocal measurements, e.g., for
AB =1 and 4, MN = 5 and 8§; while the corresponding reciprocal measurement array is
AB = 5 and 8, MN = 1 and 4. Each between-borehole dataset contained 1112
measurements, e.g., 1112 measurements for electrodes 1-32, 17-48 and 33-64,
respectively. Consequently, 3336 resistance data were measured to cover the whole
sandbox. The resistivity measurements were made with the multi-channel ABEM

Terrameter LS2 instrument (www.guidelinegeo.com). The acquisition time for all
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dataset was 35 min. The inversion was performed using a 3D finite element code written
in the Comsol and Matlab environments (Mao et al., 2015). We assumed no resistivity
variation in the y direction due to the small sandbox thickness. Therefore, the inversion

results are presented as 2D tomograms.

Besides geophysical measurements, chemical parameters were measured on the left and
right sides of each sandbox. The interval during the first 40 days was 4 days, while the
interval was increased to 15 days after 40 days due to insignificant changes in the
measured chemical parameters. The investigated parameters included oxidation-
reduction potential (ORP), pH, dissolved oxygen (DO) and electrical conductivity. ORP,
pH and DO were measured using a multi-parameter analyzer (Leici DZB-715, China),
and electrical conductivity was measured using a conductivity meter (ECTestr 11+,
USA). At the end of the experiment, eight positions in each sandbox (S1-S8 and S9-
S16) were selected to collect soil samples. In addition, water samples (W1-W2 and W3-
W4) were collected at the bottom of both sides of each sandbox using water outlet
valves (Fig. 1a). The soil samples were analyzed for total organic carbon (TOC) and
total petroleum hydrocarbons (TPH), while water samples were analyzed for petroleum,
chemical oxygen demand (COD) and anion concentrations (SO4* and HCOj3"). The
TOC in the soil samples was measured using a potassium dichromate oxidation
spectrophotometric method and the TPH in these samples was determined using a gas
chromatography method. The petroleum, COD, SO4*" and HCOs™ concentration in the

water samples were determined by infrared spectrophotometry, dichromate, ion
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chromatography and titration methods, respectively. The selection of chemical
parameters followed the Geological survey and evaluation standards for soil and

groundwater in contaminated sites (China Geological Survey, 2014).

3. Results

3.1 Effect of diesel contamination on complex resistivity

The results of the column experiments indicate that the resistivity and the phase increase
with diesel content (Fig. 2), i.e., the oil saturation. This is consistent with results
described by Cassiani et al. (2009) and Schmutz et al. (2010) for non-wetting oil. The
values of the resistivity magnitude and the phase peak are provided in Table 2. The
resistivity increased from 82.6 Q-m for 0.0 g/kg diesel content (Sy= 1) to 745.2 Q'm
for 105.9 g/kg diesel content (S = 0.5). The peak phase increased from 2.36 mrad for
0.0 g/kg diesel content to 6.6 mrad for 105.9 g/kg diesel content. Moreover, a shift in
peak frequency from 0.022 Hz at 0.0 g/kg diesel to 0.0046 Hz at 105.9 g/kg diesel
content was observed. These features are well-explained by the model developed by

Schmutz et al. (2010).

After the injection of base-activated persulfate into the sand column with 105.9 g/kg
diesel content, the resistivity decreased significantly from 745.2 Q-m to about 2.6 Q-m,
while a phase measurement with sufficient accuracy could not be obtained. This is
because the activated persulfate produces a large number of ions, and the resulting high

salinity environment is not favorable for accurate complex resistivity measurements
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(Xia et al., 2021; Niu et al., 2016).

The interpretation of ERT inversion results in contaminant studies is sometimes
complicated by geological heterogeneity, which can produce resistivity differences that
are stronger than those associated with the presence of the oil itself (Deng et al., 2017).
To ensure sufficient contrast in this study, a high diesel content of 105.9 g/kg was used
in the sandbox experiments. With this level of contamination, the resistivity of the

contaminated sand is about 9 times higher than that of clean water-saturated sand.

3.2 Results of electrical resistivity tomography measurements on sandboxes

A total of seven resistivity measurements were taken over a six month period. The
reciprocal errors of all datasets are summarized in Fig. 3. Reciprocal error refers to the
relative error of data obtained from two sets of reciprocal measurements. The data
quality obtained in the remediation sandbox is slightly worse than that of reference
sandbox, which is particularly evident before and after persulfate injection. Specifically,
the reciprocal errors is below 2% on day 11 before persulfate injection for 85.4% of the
measurements, and this percentage is reduced to 80.8% on day 21 after persulfate
injection. For the reference sandbox, the percentage of measurements with errors <2%
is similar on day 11 and 21 (85.3% and 85.7%, respectively), which is also consistent
with the percentage obtained before persulfate injection for the remediation sandbox. It
is important to note that the overall data quality is generally acceptable (Loke et al.,

2015), with at least 98.7% of reciprocal errors <5% for the reference sandbox and at
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least 96.6% of reciprocal errors <5% for the remediation sandbox.

Time-lapse ERT inversion results are presented in Fig. 4. At the end of the monitoring
experiment (day 181), the water level in the reference sandbox was 24.3 cm, and the
water level in the remediation sandbox was slightly higher at 25.1 cm due to the
persulfate injection. Therefore, the saturation heights (red dashed lines) were also
slightly different with 39.3 cm for the reference sandbox and 40.1 cm for the
remediation sandbox. Before persulfate injection, the resistivity distributions are
similar for the remediation and reference sandbox. Specifically, the resistivity within
the black rectangle ranges from 575 Q-m to 1200 Q-m with an average value of 846
Q-m, corresponding to the diesel contaminated sand, which is 150 Q-m higher than the

surrounding resistivity.

After persulfate injection (day 21) in the remediation sandbox, the resistivity decreased
significantly especially at the injection port where the resistivity reached values lower
than 10 Q-m, which is consistent with the results of the sand column experiments. In
addition, it was also observed that a low-resistivity plume migrated to the left and right
side beyond the originally contaminated area immediately after injection. As time
progressed, this plume was observed to gradually expand and migrate downwards from
day 38 to 181. In addition, the resistivity of the unsaturated zone above 39 cm in the
two sandboxes gradually increased, which is attributed to water evaporation over the

experimental period.
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The resistivity around the contaminated sand shows an increase in both vertical and
horizontal directions at the end of the experiment in the reference sandbox. However,
these increases are only minor suggesting that diesel migration is not significant.
Sentenac et al. (2015) also reported limited migration of hydrocarbons in a similar
sandbox experiment, also in the presence of a hydraulic gradient from left to right that
may lead to diesel migration by advection. Therefore, the lack of migration in our
experiments with diffusion-dominated diesel transport is not surprising. In addition, the
gentle resistivity variation also indicates that the natural degradation of contaminated
sand is not significant. Note that the high resistivity response of at the top of sandbox
is not only caused by evaporation, but also may be caused by upward movement of

free-phase diesel.

3.3 Chemical analysis and sampling results

ORP, pH, DO and conductivity are important indicators to characterize the oxidation
reactions, and Fig. 5 shows their variation during the remediation and reference
experiment. In general, all chemical parameters measured on day 21 in the remediation
sandbox showed a noticeable jump due to the injection of persulfate, while the results
for the reference sandbox showed a slight downward trend. Specifically, the ORP
measured on day 21 in the remediation sandbox was 417 mV, which was higher than
that measured in the reference sandbox (263 mV) saturated with NaCl electrolyte.

These results are consistent with experiments conducted by Zhao et al. (2013), who
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showed that the ORP of the base-activated persulfate reaction system (pH=12) in
laboratory vials was 562+17 mV, while the background value without persulfate was
367 mV. The increased ORP reflects the oxidative properties of persulfate. With respect
to pH, it is evident that highly alkaline conditions (pH>13) were created after base-
activated persulfate injection. In these conditions, it is expected that superoxide (O2"),
hydroxyl (OH"), and sulfate radicals (SO4™) were generated. At the same time, O>"
radicals were likely scavenged by OH'" radicals through the reaction given in Eq. (7).
Similarly, SO4™ radicals were removed through the reaction given in Eq. (8). This
resulted in the generation of one mole of Oz per mole of generated O™ (Furman et al.,
2010; Hayyan et al., 2016). Additionally, persulfate dissolves in water and then reacts
with water to produce a small amount of O, which is another reason for the increase in
DO:
2Na»S,0s + 2H,0 — 2Na' + 4S04* + 4H" + O». (13)

Therefore, the DO measured in the remediation sandbox increased by approximately
38.5% after persulfate injection (~9.5 mg/L) compared to that measured before
persulfate injection (~6.86 mg/L) and reference sandbox (~6.85 mg/L). In addition,
consumption of hydroxide as well as the decomposition and activation of persulfate
release hydrogen ions and other anions, e.g., SO4*, HCO3™ or CO3*, which leads to a
decrease of pH and an increase of conductivity (Huang et al., 2002; Li et al., 2020;
Chang et al., 2022). At the same time, persulfate consumption results in a decrease of
ORP and DO. Although the monitoring tubes are not located in the direct vicinity of the

persulfate injection, the measured data still reflect the general chemical variations in
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the sandboxes. It is anticipated that the changes in the chemical parameters near the
injection tube will be even more dramatic. At the same time, the difference in position
also explains why the change of chemical parameters is insignificant in the early stages
and more evident in the later stages, i.e., it takes time for the plume to migrate to the

water sampling ports.

The chemical parameters measured in soil and water samples at the end of the
experiments are shown in Table 3 (see Fig. 1 for sampling points). The results of the
soil samples suggest that the hydroxyl and sulfate radicals formed by base-activated
persulfate resulted in substantial degradation of diesel, especially near the outflow holes.
For example, the measured TOC and TPH at location S1 in the remediation sandbox is
1.73 g/kg and 1.67 g/kg, respectively. This was much lower than the concentrations
measured at the same location S9 in the reference sandbox, where the TOC was 36.1
g/kg and the TPH was 33.8 g/kg. The degradation products are eventually mineralized
and converted into CO: or metabolic byproducts (Arato, et al., 2014). For instance, the
degradation reactions of benzene, a component of diesel, with SO4™ and OH" are (Liu
et al., 2016):
SO4™ + CeHs — CeHs ™"+ SO47, (14)

OH" + CsHs — CsH70O". (15)

In addition, short-chain aliphatic hydrocarbons, e.g., decane, which are another major
component of diesel, undergo hydrogen extraction from the C-H bonds when reacting
with SO4™ and OH™:

SO4" + CioH22 — CsHi1"+ HSOy, (16)
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OH’ + CioH22 — CioHa1™ + H20. (17)
The net chemical reactions in which benzene and decane are completely degraded by
persulfate are:
158,08> + CsHe + 12H0 — 6COz + 30H" + 30SO4™, (18)
318,05% + CioHaz + 20H20 — 10CO; + 62H' + 62S04>. (19)
We assume that Ci2Hosz is the average chemical formula for diesel, which does not
contain structural information but only takes into account the carbon/hydrogen ratio
(Gad, 2005), i.e., Ci2Hz3 does not refer to alkynes or alkenes alone, but is composed of
various hydrocarbons. Accordingly, the net chemical reaction of diesel consumption by
persulfate can be expressed as:
718,05% + 2C12Ha3 + 48H20 — 24CO; + 142H" + 142S04%. (20)
This net reaction is consistent with the observed chemical parameters. After
degradation in the remediation sandbox, the TPH and TOC of the soil samples
decreased compared to the reference sandbox, while the SOs* and HCO;5
concentrations in the water samples increased (Table 3). Considering that HCO3™ was
not present in the electrolyte used to prepare the sample, it is likely to be a degradation
product from the oxidation of diesel (Wu, 2021). Accordingly, the degradation of diesel
by persulfate releases a large number of ions, causing an increase in SO4* and HCO3
concentrations measured at locations W1 and W2 compared to locations W3 and W4,
e.g., the average concentration of SO4>” and HCOs™ in water samples collected from the
remediation sandbox are 3235 mg/L and 793 mg/L, while those measured in the

reference sandbox are 14 mg/L and 204 mg/L. Although diesel is characterized by low
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solubility, a small fraction of dissolved phase still is expected to occur in the saturated
zone (Atekwana and Atekwana, 2010). The average values of the petroleum
concentration and COD in the reference sandbox were 2.3 mg/L and 139.5 mg/L, which
are higher than those measured in the remediation sandbox where dissolved diesel

components were likely oxidated.

4. Discussion

4.1 Migration pathway of oxidation plume

Based on the column and sandbox experiments, it is evident that the persulfate
remediation system causes a significant resistivity decrease. To better capture the
observed changes in resistivity caused by the persulfate injection, resistivity ratio
tomograms are presented in Fig. 6. The measurements before the injection (day 11)
were used as a reference. Persulfate injection caused a decrease in resistivity in a
significant part of the sandbox as indicated by the area with resistivity ratio < 1.
Although the reciprocal error indicates that the quality of data acquisition is acceptable,
we nevertheless prefer to take a conservative approach and assume that the area with a

resistivity ratio less than 0.95 is affected by oxidation plume migration (blue solid lines).

Considering that the injection locations (20-30 cm) are distributed on the side walls of
a tube sealed at the bottom, persulfate is expected to radially spread away from the
injection tube at the center. Following the persulfate injection at day 21, the resistivity

ratio near the outflow locations was less than 0.1 and the tomogram suggests that the
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migration distance of persulfate in horizontal direction (x=16-44 cm) was larger than
in the vertical direction (z=10-34 cm). Since persulfate has a high solubility in water
(73 g/100 ml at 25 °C) and the density (e.g., 2.59 g/mL for sodium persulfate) at 25 °C
is greater than water (Yen et al., 2011), persulfate solution with a high concentration
can migrate due to density-driven transport (Huling and Pivetz, 2006). This is also
observed in the remediation sandbox. After 17 days of persulfate injection (day 38), the
oxidation plume has clearly migrated downward and it reached the bottom of the
sandbox on day 115. Given the slow migration of the contaminant, it is clear from Eq.
(1)-(6), (13) and (20) that the main components of this oxidation plume stem from the
persulfate remediation system and ions released by the associated chemical reactions.
In the later stages of the experiment after the plume reached the bottom of the sandbox
(especially on day 149 and 181), the oxidation plume gradually migrated outward to
both sides again under the influence of concentration differences. Although the lateral
migration distance of persulfate during injection was greater than that in vertical
direction due to the high injection pressure, the oxidation plume was dominated by
vertical migration due to density-driven transport. The results clearly showed that this
general migration pathway of the persulfate could easily be captured by the electrical
resistivity distribution, which highlights the potential of time-lapse ERT images for
capturing the delivery and fate of persulfate in ISCO remediation in field conditions. It
should be noted that parts of unsaturated zone above 39 cm have a resistivity ratio
greater than 1, indicating that the resistivity of this area has increased after injection

compared with that before injection. Besides evaporation, considering that surface is
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covered with silt, the capillary rise phenomenon may drive a small amount of free-

phase diesel to migrate upward.

4.2 Influence of diesel degradation on the resistivity distribution

The resistivity monitoring results for the reference sandbox indicate that natural
degradation and migration of the contaminated plume are limited during the entire
experiment. To further illustrate this, the resistivity difference ( preference —
Premediation) Detween sandboxes is analyzed to characterize the resistivity response
caused by persulfate remediation alone (Fig. 7). Clearly, the resistivity of the reference
sandbox is higher than that of the remediation sandbox everywhere. Specifically, the
results illustrate that the largest differences (>600 Q-m) correspond to the location of
the outflow within the contaminated sand (white solid rectangle). At these locations,
the average resistivity difference for the two sandboxes is about 1010 Q-m. Obviously,
the resistivity difference within the contaminated sand is not only related to the change
of diesel concentration, but also to the oxidation plume. The blue solid lines in Fig. 6
show the area of oxidation plume migration (z<34 cm) derived from a resistivity ratio
<0.95 (see Fig. 6). At the same time, the red solid lines delineate the area below the
height of plume migration with a resistivity difference above 80 Q-m. The average
resistivity difference within the red solid lines (excluding the contaminated sand in the
black rectangle) is 126.7 Q-m, much less than the difference calculated at the location
of contaminated sand. Moreover, the similar contour shapes of the red and blue solid

lines suggest that, unlike the resistivity difference of contaminated sand, the difference
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between the two sandboxes within the red solid lines is mainly influenced by the
migration of the oxidation plume. In addition, the average resistivity difference of the
unsaturated zone (z>39 cm, above red dashed line) is small compared to that of the

saturated zone.

To characterize the resistivity variations in even more detail, Fig. 8 shows the temporal
development of the resistivity difference between the two sandboxes at x=30 cm and
various z positions (black dashed line in Fig. 7). Based on the observed resistivity
differences, we identified four zones: below the contaminated sand (0-20 cm), bottom
of the contaminated sand (20-30 cm), top of the contaminated sand (30-42 cm) and
above the contaminated sand (42-51 cm). In the zone below the contaminated sand, the
resistivity difference is increasing with time (Fig. 8b). The oxidation plume gradually
migrates downward in the early stages (before day 55) due to density, which explains
the increase of the resistivity difference. The oxidation plume partly consists of ions
that are continuously released by the degradation reaction. Therefore, the plume
continues to extend to both sides under the effect of concentration differences, resulting
in a flat overall change in the later stages of the experiment. This is consistent with the
fact that the hydrochemical parameters measured in the monitoring tubes are low until
day 50-60. The resistivity difference of the area with contaminated sand shows two
opposite trends. For the bottom part of the contaminated sand, the resistivity difference
between the two sandboxes is decreasing with time (from 1062.3 Q-m to 972.3 Q-m)

(Fig. 8b) due to the migration of the oxidation plume. Thus we speculate that, besides
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the oxidation plume, the consumption of contaminants and the generation of
degradation products are the main reasons for the resistivity difference in this area. With
respect to the top part of the contaminated sand, a small amount of persulfate migrates
upward under the effect of injection pressure (see day 21 in Fig. 6). As a result,
degradation and the corresponding resistivity difference decreases with increasing
distance from the injection position, i.e., the resistivity difference decreases with
increasing elevation. On the other hand, the increase in resistivity difference at z=38
cm and z=41 cm is the main reason for the increasing trend of the average resistivity
difference (Fig. 8b). This is related to the difference in saturation height of the reference
sandbox (39.3 cm) and the remediation sandbox (40.1 cm) (Fig. 7). For the unsaturated
zone above the contaminated sand, the resistivity difference between the two sandboxes
shows a gradual but insignificant increasing trend (slope = 4.16 and R?= 0.55). However,
it should be noted that this part does not involve diesel contamination or oxidation

plume migration, and the average resistivity difference is only 60 Q-m.

Overall, the resistivity differences between the reference and remediation sandboxes
are related to changes in concentration of the contaminant, migration of the oxidation
plume, and evaporation at the surface. For the contaminated source zone near the
injection well, consumption of contaminants, generation of degradation products and
migration of the oxidation plume are determining the decrease in resistivity after
persulfate injection. For the non-contaminated areas around the source zone, the

migration of the oxidation plume is determining the decrease in resistivity. For field-
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scale ISCO remediation, it can thus be concluded that resistivity changes in areas with
low initial contamination concentration are expected to be mainly related to the
migration of the oxidation plume, making it difficult to discern the degradation of
contaminants. There are only few studies on ERT monitoring of base-activated
persulfate degradation of hydrocarbon-contaminated soils. Taking a similar case as an
example, Hatre et al. had conducted geophysical monitoring of in-situ permanganate
remediation process of PCE at field scale, speculated that the low resistivity response
was due to oxidant, and guessed that the resistivity decrease due to contaminant

degradation was estimated to account for only 5-10%

4.3 Effect of oxidation plume on resistivity of contaminated soil

As the diesel concentration and the oxidation plume are the main drivers of the decrease
of the resistivity, it is important to understand the relationship between resistivity and
contaminant concentration in the presence of the oxidizing plume. The relationships
between resistivity and the chemical parameters indicating contamination (TPH and
TOC) obtained from reference sandbox are shown in Fig. 9, and the data from
remediation sandbox (black solid rectangle) are also shown in the figure. Here,
resistivity is the average value within the sampling area. For the reference sandbox, the
resistivity is expected to be related to the contaminant concentration based on the sand
column experiments and previous studies (Revil et al., 2011; Schwartz et al., 2012; Mao
et al., 2016). This is confirmed by Fig. 9, which shows a relationship between resistivity

and TPH and TOC of the soil samples (S9-S16 in reference sandbox) with relatively
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high explained variance (R*=0.94 and 0.97). As expected, resistivity increased with

increasing TPH and TOC.

For the remediation sandbox, the relationships between resistivity and the chemical
parameters indicating contamination are less pronounced, which reflects the
degradation effect of persulfate on diesel contamination. Note that both S1 and S6 are
located in the area above the height of oxidation plume migration (z>34 cm), which
means that the resistivity is less affected by the plume. The other sampling locations
are all below the height of the area affected by the oxidation plume, and the resistivity
is lower than expected under the influence of the plume. Accordingly, it is difficult to
accurately distinguish the contamination and the oxidation plume based on the
resistivity alone. Likewise, resistivity can be influenced by the contaminated source and
plume zones in a field survey, but it cannot directly distinguish these zones (e.g., Elis,

et al., 2016).

Based on the fitting line calculated from the reference sandbox data, the relationship
model between resistivity and TPH without in-situ remediation is shown as follows:
p’=0.089Crprt168.4, (21)
where p’ represents the calculated resistivity without in-situ remediation, Crpy is the
concentration of TPH, respectively. In this study, the deviation between measured
resistivity and calculated resistivity is caused by migration of oxidant plume. Therefore,

the influence ratio of oxidant plume (/o) is:
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Lo =|p’- pmeasure|/ p’-100%, (22)

while the influence ratio of contaminant consumption (/c) is:
Ic =[1- 1o]-100%. (23)
For remediation sandbox, the influence ratio of oxidant and contaminant consumption
on resistivity decrease at difference locations are shown in Table 4. Note that the
influence ratios of different factor are calculated by average deviation of TPH. For the
areas above the height of the persulfate outflow hole, e.g., S1 and S6, the oxidant plume
has a smaller effect on resistivity decrease than contaminant consumption. For the
contaminated source zone near the injection well, i.e., S2, although the influence of
oxidant plume is dominant, contaminant consumption contributes to 25.6% of the
resistivity decrease. For area with low or non-contaminated area, the influence of
contaminant consumption on resistivity decrease is less than 16%. The ratio calculated
based on the relationship between TOC and resistivity is similar to the ratio shown in

Table 4.

Although the half-life of persulfate is 10 to 20 days when reacting with hydrocarbon
contaminants in water (Watts, 2011), the degradation rate of diesel within soil by base-
activated persulfate can vary considerably due to different reaction conditions and
contamination types. Specifically, previous studies illustrated that aromatic and short-
chain aliphatic hydrocarbons in diesel are more easily degraded by persulfate. In
contrast, long-chain aliphatic hydrocarbons are considered to be the least degradable

due to limited hydrophobicity and strong sorption on the soil (Siegrist et al., 2011). For
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example, Lominchar et al. (2018) reported that dodecane, tetradecane, pentadecane and
aromatic hydrocarbons were essentially degraded by base-activated persulfate in the
first 4 days, while aliphatic hydrocarbons with carbon numbers above 16 were more
recalcitrant, and still present in small amounts at the end of the treatment after 56 days.
To obtain contaminant information during persulfate remediation, resistivity

measurements should thus be combined with sampling data for comprehensive analysis.

In the field, ERT method has advantages and challenges to dynamically monitor the in-
situ remediation process of contaminants. On one hand, it utilizes multiple monitoring
modes, i.e., surface, cross-borehole, or in a combination of cross-borehole-surface, and
is able to delineate the resistivity changes over a wide remediation area, especially the
migration range of oxidants plume. This means ERT can quickly identify the area not
covered by oxidant for secondary injection, and can improve efficiency while reducing
sampling costs. On the other hand, it is difficult to directly distinguish the effects of
oxidant plume and contaminant consumption on resistivity decrease, and a
comprehensive analysis combined with sampling data is usually required. This study
quantified the effect of hydrocarbon removal on resistivity change based on well-
controlled conditions, e.g., the contribution of contaminant consumption to resistivity
change in the source area is 25.6%, while it is less than 16% in the low or non-
contaminated area. However, this contribution is related to the soil characteristics, the
type and concentration of contaminant and oxidant, thus it may vary in the field or other

laboratory conditions.
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S. Conclusion

This study directly visualized the remediation of diesel-contaminated soil by base-
activated persulfate using cross-borehole ERT measurements, and evaluated the
capability of resistivity measurements for characterizing oxidation plume migration and
contaminant degradation. Since the resistivity response is affected by diesel content and
the presence of persulfate, two sandbox experiments were conducted to compare the
resistivity distribution of diesel-contaminated sand with and without the persulfate
remediation system. To support the interpretation of the resistivity measurements,
hydrochemical measurements were made periodically. The results indicated that the
resistivity was significantly decreased in response to persulfate injection for the
remediation sandbox, e.g., from 846 Q-m to below 10 Q-m for contaminated sand.
Natural degradation and contaminant plume migration were not evident for the
reference sandbox without persulfate injection. The chemical parameters, i.e., ORP, pH,
DO and conductivity, showed a noticeable increase due to the oxidant injection, while
the parameters measured in the reference sandbox showed a gentle and slightly
downward trend. Moreover, the results of soil and water samples suggested that the
hydroxyl and sulfate radicals formed by base-activated persulfate resulted in substantial
degradation of diesel, producing a large number of ions that further decreased the

resistivity.

Resistivity ratio tomograms allowed to delineate the area affected by oxidation plume
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migration. It was observed that the persulfate plume mainly migrated vertically due to
density-driven distribution after an initial phase of horizontal flow associated with the
high-pressure injection. In addition, the resistivity difference between the contaminated
areas of the two sandboxes was related to the change in contaminant concentration and
the migration of the oxidation plume. In the contaminated source zone near the injection
well, consumption of contaminants, generation of degradation products and migration
of the oxidation plume determined the decrease in resistivity after persulfate injection,
while in the low or non-contaminated area around the source zone, the oxidation plume

was dominant for the decrease in resistivity.

It was found that the resistivity correlates well with the contaminant indicators, i.e.,
TPH and TOC. However, the resistivity corresponding to contaminated indicators was
generally lower than expected in the presence of the oxidation plume. This further
illustrates that resistivity changes due to the decrease of contaminant concentrations
after degradation are still influenced by the oxidation plume even in the source zone
near the injection well. Concretely, for the contaminated source zone near the injection
well, contaminant consumption contributes to 25.6% of the resistivity decrease; while
for area with low or non-contaminated area, the influence of contaminant consumption

on resistivity change is less than 16%.

It is difficult to capture the characteristics of chemical reactions at the pore scale using

the ERT method. An extension of ERT is the induced polarization (IP) method, which
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is more sensitive to properties at the pore scale. Future research should thus additionally
consider the IP response during ISCO remediation, e.g., to characterize chemical
reactions of the diesel degradation process. It is necessary to design the periodic
contaminant concentration tests for direct comparison of IP parameter changes with
degradation processes. Nevertheless, the ERT monitoring results presented above for
diesel remediation clearly show resistivity responses that are related to the effects of
oxidation plume migration and changes in contaminant concentration, which has not

been previously reported for the monitoring of the persulfate remediation system.
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Table 1 Summary statistics of the sandbox experiment.

Soil volume  Pore volume  Volume of persulfate and base =~ Contaminated soil volume Diesel content Mass ratio of
L) (L) (Na2S>0s+NaOH, mL) (L) (g/kg) persulfate and diesel
30 12.3 250 + 250 1.76 105.9 0.13
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Table 2: Values of the phase and the modulus of the resistivity at the peak of the

relaxation for sand saturated by the non-wetting oil.

Water saturation

Diesel content (g/kg) Phase (mrad)

Resistivity (€2-m)

Sw (-)

1 0.0 2.36 82.6
0.95 10.6 3.26 139.4
0.7 63.5 4.96 473.5
0.5 105.9 6.60 745.2
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Table 3 Concentrations of major contaminated indicators measured in soil and water samples.

Soil samples

Indicators TOC (g/kg) TPH (g/kg)
Remediation S4 S5 S6 S7 S8 S1 S2 S3 S4 S5 S6 S7 S8
sandbox 421 217 074 082 0.26 5.94 1.67 0.153 254  0.538 0.2 0.126 0.12
Reference S12 S13 S14 S15 S16 S9 S10 S11 S12 S13 S14 S15 S16
sandbox 7.06  3.77 0.6 0.84  0.28 33.8 274 1.97  5.56 294 0587 1.89 0.561
Water samples
Indicators Petroleum (mg/L) COD (mg/L) SO4* (mg/L) HCO; (mg/L)
Remediation W1 W2 W1 W2 W1
sandbox 3240 3230 827
Reference W3 W4 W3 W4 W3
sandbox 17.4 10.6 207

TOC: Total Organic Carbon; TPH: Total Petroleum Hydrocarbon; COD: Chemical Oxygen Demand.
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Table 4 Influence ratio of oxidant plume and contaminant consumption on resistivity decrease at difference locations

Measured TPH Influence ratio of Influence ratio of
Sampling
' resistivity Calculated resistivity Deviation oxidant plume contaminant consumption

focation (Q2'm) (£2-m) (%) (7o) (7o)

S1 341.3 697.1 51.1 51.1 48.9

S2 81.3 317.0 74.4 74.4 25.6

S3 26.6 182.0 85.4 85.4 14.6

S4 61.5 394.5 84.4 84.4 15.6

S5 31.8 216.3 85.2 85.2 14.8

S6 137.1 186.2 26.4 26.4 73.6

S7 27.2 179.6 85.0 85.0 15.0

S8 25.3 179.1 86.0 86.0 14.0
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Hydrochemical
a) Persulfate injection tube monitoring tube

F1cm
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Uncontaminated
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Remediation
san\dbox

Fig. 1 Sandbox configuration. (a) Front view (51 cm high x 60 cm longx 10 cm thick)
and (b) photograph of the sandbox. The upper part was covered with 1cm of silt. A total
of 16*4 non-polarizable electrodes (red dots) were attached on the side wall of the
sandbox. The white rectangles on the left and right sides indicated the hydrochemical
monitoring and sampling tubes. Persulfate was injected at the bottom of the blue
rectangle. Soil was sampled at 8 sites (red dashed rectangles) and water was taken at

sampling tubes.
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Fig. 2 Results of complex resistivity measurements. (a) Phase and (b) resistivity (p) of

the complex resistivity for different diesel content. (¢) Resistivity ratio p/p, increase

with increasing diesel concentration. The solid dots show the resistivity at 1 Hz with

different diesel content, and p, denotes the resistivity of clean sand.
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Fig. 3 Reciprocal errors of all datasets

remediation sandbox.
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Fig. 4 Geophysical monitoring tomograms. (a) Resistivity tomograms of remediation
sandbox. Red color (> 0.45 m) on top of remediation sandbox represents the
resistivity response of unsaturated zone. (b) Resistivity tomograms of reference
sandbox. The locations of electrodes and contaminated sand are marked in white

solid circles and black rectangle. The red dashed line represents the water table.
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a) Oxidation reduction potential (ORP) b) pH
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Fig. 5 Plots of (a) ORP, (b) pH, (c¢) DO and (d) conductivity measured on the left and
right sides of two sandboxes. Base-activated persulfate is injected on day 21 and all
indicators measured in remediation sandbox represent a noticeable increase after

injection.
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Fig. 6 Resistivity ratio tomograms with respect to the first resistivity tomogram taken

at day 11. Blue solid lines (<0.95) represent the influence range of persulfate migration.
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Fig. 7 Resistivity difference tomograms between reference and remediation sandbox.
The central black rectangle indicates the location of contaminated sand and white
solid rectangle indicate the persulfate injection location with resistivity
difference >600 Q-m. The red solid lines indicate the area with resistivity
difference >80 Q-m, while the areca within blue solid lines indicate the zone of

resistivity ratio <0.95 in Fig. 5, representing the affected area of oxidation plume.
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a) Resistivity difference at various Z
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Fig. 8 Time-series of resistivity difference between reference sandbox and remediation

sandbox at x=30 cm. (a) Resistivity difference at various z. (b) Average of resistivity

difference.
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Fig. 9 Relationship between resistivity and (a) TPH, (b) TOC obtained from reference

sandbox, and the data from remediation sandbox are also shown in the figure. The solid

red line is a linear fitting line for the resistivity and concentration data in the reference

sand box. The two dashed lines indicate the confidence intervals of the fitting line, and

data measured in the reference sandbox are within the confidence interval. Note that

the relationship between resistivity and TPH is presented in semi-log coordinates.
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