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Highlights:

o Effects of temperature on electrical resistivity and relative permittivity.

o Using SIP & TDR to monitor evolution of complex resistivity and relative
permittivity.

o Influence of water and DNAPLSs saturations on geophysical parameters.

o Cole-Cole parameters are affected by temperature increase.
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Abstract

While some recent studies have discussed various effects of temperature on the electric and
electromagnetic properties of multiphase porous media, the effect of temperature changes in
multiphase porous media polluted by dense non-aqueous phase liquids (DNAPLs) has rarely
been documented. We attempted to characterize how relative permittivity and electrical
resistivity vary with temperature in multiphase porous media. The measurements were carried
out using two different column sizes. Glass beads with a 1 mm diameter were used to simulate
porous media. Spectral induced polarization (SIP) and time domain reflectometry (TDR) were
used to measure complex electrical resistivity and relative permittivity, respectively. We
investigated the geophysical characteristics of two DNAPLs, coal tar (CT) and chlorinated
solvent (CS), from 20 to 50°C; ultra-pure water was used as the reference fluid. Experimental
data on the relative permittivity and complex resistivity of pure water obey empirical models,
validating our experimental setup and protocol. Results demonstrated that the real parts of
relative permittivity and electrical resistivity are functions of temperature in the medium with
the presence or absence of a solid phase. While we did not study the imaginary part of relative
permittivity, our observations in the DNAPL samples indicated that temperature increases
decreased the imaginary parts of the complex electrical resistivity of DNAPLSs tested, whether
in the presence or absence of the solid phase. Temperature dependency of relative permittivity
and complex resistivity were also studied in multiphase porous media, after drainage (80 %
DNAPL and 20 % water) and after imbibition (8 % DNAPL and 92 % water). The effect of
temperature increases on complex resistivity has a secondary effect on frequency domain and
Cole-Cole parameters. It was found that the relationship between temperature and resistivity is
linear; therefore, resistivity temperature coefficients were obtained for water and both DNAPLs

with the presence and absence of solid phase.
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Keywords: Spectral induced polarization, dense non-aqueous phase liquids, time domain

reflectometry, temperature, complex resistivity, relative dielectric permittivity.

1 Introduction

Interpreting the geophysical parameters acquired during monitoring of subsurface soil
strata is an important component of soil remediation programs. These parameters play a key
role in validating the accuracy and efficiency of remediation methods in soils contaminated
with organic and industrial chemicals commonly referred to as DNAPLs (Dense non-aqueous
phase liquids). All over the world in the last decade, many sites polluted by industrial activities
were abandoned. Study of the factors contributing to the pollution and of the remediation itself
has significant environmental and health benefits. There is a consensus about the fact that
geophysical techniques are among effective methods for long term monitoring of clean-up
processes in soils (e.g., Cardarelli and Di Filippo, 2009; Hwang et al., 2008; Snieder et al.,
2007; Sogade et al., 2006; Brewster and Annan, 1994). Among geophysical techniques that can
be used to monitor physical properties on contaminated sites, electrical and electromagnetic
methods are now proved to be reliable monitoring techniques that provide multiple geophysical
parameters such as electrical resistivity and relative dielectric permittivity (e.g., Seyfried and
Grant ,2007; Binley et al., 2005). Electro-geophysical methods have been used in many studies,
such as estimation of the shallow subsurface conditions (e.g., Romig, 2000), environmental and
engineering applications (e.g., Grimm and Olhoeft, 2004; Briggs et al., 2004), and detection of
light non-aqueous phase liquids (LNAPL) (e.g., Atekwana et al., 2000). In these applications,
the purpose of geophysical testing is to identify technical challenges and assist with
implementing solutions during the clean-up process. So studying and monitoring two
geophysical parameters, relative permittivity and complex resistivity, can be useful geophysical

tools to achieve this.
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The remediation method that we consider here is the thermally enhanced (using conduction
heating) recovery of coal tar (CT) by means of the “pump and treat” technique to extract and
remove CT from polluted soil. According to rheological principles, when temperature
increases, viscosity decreases and the pumping rate consequently increases (Ajo-Franklin et al.,
2006). Among all auxiliary treatment methods, the thermally enhanced technique is one of the
most helpful techniques compared to biological methods (Nathanail et al., 2011; Colombano et
al., 2010). Thermally enhanced treatment is the effective remediation technique on deep and
shallow soil clean-up processes. Soil digging, excavation, transport and heating make this a
costly yet affordable technique in many remediation projects. The results from our laboratory
measurements were used to model the temperature dependence of complex resistivity and
relative permittivity to interpret geophysical field measurements. While we know that the
application of this work is in a similar range of temperature variations, two important points are
worth mentioning in what follows. First, in the corresponding ongoing field survey, the
maximum heating temperature was 50 °C; therefore, we chose 50 °C as the maximum
temperature to have the closest simulation of the field work in the lab. Second, choosing a lower
temperature limitation compared to feasible field studies can be recognized as a challenge, but
if that high temperature limitation in the field will be less than this study, it may give other
researchers the option to use these results according to their temperature limitations. Changes
in water and DNAPL saturations might have much greater impact on permittivity and resistivity
compared to temperature, but after pumping DNAPLSs in the contaminated soils, we face change
in resistivity and relative permittivity of the soil. These variations are due to temperature and
saturation changes. Independent study on the impact of each of these two factors to determine
how effective each factor is a must. Recently, the authors have investigated effects of saturation

changes on these two parameters with more details in a separate study.



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

1.1 Influence of temperature on relative permittivity: a review

One of the important parameters for understanding the electric and electromagnetic
characteristics of a fluid is the relative dielectric permittivity, or dielectric constant. Relative
permittivity €= & +ig’’ is a complex frequency dependent parameter , where £(f) is the real
part and £ (f) is the imaginary part, fis the frequency of the excitation current, and i is the pure
imaginary unit (> = —1). In this study, we only worked with relative permittivity, equal to &= ¢
/&, where go 1s vacuum permittivity and has a value of approximately 8.85x10—12 F/m. In the
controlled experimental laboratory setups described below, in which time domain reflectometry
(TDR) probes model STE were used (See below for description), the results only related to the
real part of the relative permittivity.

Direct TDR measurements are sensitive to the effect of the temperature. For instance,
Malmberg and Maryott (1956) established a relationship between the relative permittivity of
water and temperature (in the range 0 to 100°C) as below, using experimental methods:

g’ = 87.740 — 0.40008T + 9.398(10"*)T? — 1.410(107%)T3 (1)

where T is the temperature (°C). They stated that the proposed equation has a maximum error
of 1 %. They also stated that the dielectric constant of water decreases with temperature, but
for air, the temperature change does not have a significant effect on relative permittivity. Nath
and Dubey (1980) and Nath (1995) have investigated that common error of dielectric constant
measurements is £5 %. They carried out their experiments on binary liquid mixtures like
trichloroethene (CHCICCL) at 1.8 MHz with a dielectrometer (Dekameter DKo3). They used
the equation that was proposed by Malmberg and Maryott (1956) to calculate relative
permittivity and a relationship for electrical conductivity of soil water as a function of
temperature:

04c(T) = Oge(z50¢1eXp[—A(2.033 X 1072 + 1.266 X 107*A + 2.464 x 1076A?] )
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in which A=25—T and oy is the electrical conductivity of soil water. Chen and Or
(2006) used TDR to obtain dielectric permittivity and found that even for frequencies lower
than 100 MHz, TDR probes clearly showed effects of temperature (5-55°C) and electrical
conductivity (due to Maxwell-Wagner (M-W) effect that is the charge at the interface of two
materials due to difference of their charge relaxation times) on dielectric permittivity. They
expressed that the effective range of the TDRs used is greater than 100 MHz and at low
frequency (<100 MHz) this influence (M-W effect) is not noticeable compared to the higher
frequencies. For each 1 °C increase in temperature, they reported a 0.3 % decrease in the
relative permittivity of water. For TDR model 5STE, Rosenbaum et al. (2011) proposed an
empirical correction function for the temperature effect between 5 and 40°C, tested on eight
different liquids. They noticed underestimated values of relative permittivity for temperatures
over the range 5 to 25°C (-2.7 for EC-5 and -3.9 for 5TE) and overestimated values for 25 to
40°C (+3.6 for both TDRs). They identified strong correlation between permittivity and
electrical conductivity with increasing electrical conductivity with adding salt content.

The influence of temperature on relative permittivity has also been discussed for
different fluids. Shah and Tahir (2011) investigated the dielectric properties of oils such as corn
oil, cottonseed oil, and polychlorinated biphenyl (PCB) over a temperature range of 25 to 70°C.
The effect of temperature on relative permittivity of a soil polluted by oil (petroleum) as a
NAPL have also discussed by lordache et al. (2010) on microwave at frequency 2450 MHz.
They have presented that the relative permittivity of the oils increase with temperature increase
over the range of 10 to 90 °C. There, the increase in dielectric permittivity was related to the
humidity values that relative permittivity varied from almost 20 % to 70 % for humidity 5 % to
30 %, respectively. Persson and Berndtsson (2002) tried to find a relation between relative
permittivity (measured by TDR), NAPL saturation and electrical conductivity. By further

validating the results using a mixing model, they demonstrated that TDR measures relative
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permittivity values very well. Finally, in a study about two kinds of chlorinated solvent (CS),
Ajo-Franklin et al. (2006) performed experiments to study the effects of temperature, acoustic
velocity and frequency on trichloroethylene (TCE) and tetrachloroethylene (PCE). They fitted
experimental data of temperature with a simple linear equation. They stated that the dielectric
permittivity of all solvents decreased due to increasing temperature.

In porous media, Keller and Frischknecht (1966) found that the relative permittivity of
dry rock depends on temperature especially at audio- and subaudio-frequency (<10 kHz). They
have stated the relative permittivity of dry rock increased as a function of temperature but they
reported an inverse relationship between dielectric permittivity and frequency. The ratio of
variation in frequency domain is greater in low temperature (100 °K) compared to high
temperature (850 °K). Seyfried and Grant (2007) have characterized the real and imaginary
parts of complex relative permittivity for 19 different soils from different areas of the USA at
frequency 50 MHz. They found 2 % °C™! change in the imaginary part of the dielectric constant
similar to what was proposed by Campbell et al. (1949) for soil’s electrical conductivity. This

effect is six times less for the real part of the relative permittivity as a function of temperature.

1.2 Effect of temperature on complex resistivity: a review

According to Ohm’s law, electrical resistivity is the ratio of the electrical current over the
applied electric field. The applied electric field is closely related to the current behavior (e.g.,
Wightman et al., 2004). Electrical resistivity is a complex value described by p= p’ +ip’’ in
which p’(f) and p’’(f) are the real and imaginary parts of the complex resistivity, respectively
i? = —1. Note that electrical resistivity (p) is the inverse of electrical conductivity o (c=p™).

Many studies have found that temperature has a strong effect on the electrical resistivity
of subsurface strata (e.g., Sen and Goode, 1992; Waxman and Thomas, 1974). Electrical

resistivity decreases as temperature increases in water (Chen and Or, 2006; Hayashi, 2004;

Weast, 1986; Stogryn, 1971), vegetable oil (Lakrari et al., 2013), semiconductors (Keller and
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Frischknecht, 1966), ionic fluids (Noritomi, 1958), permeable water-saturated rocks (Binley et
al., 2010; Llera et al., 1990; Coster, 1948), sodium chloride solutions (Arps, 1953), different
soil types (Nouveau et al., 2016) and soil zones (Sherrod et al., 2012).

To find a relationship between temperature and conductivity (or resistivity), Campbell
et al. (1949) provided the effect of temperature change on electrical conductivity of 30 different
saturated soil samples from different regions of the USA and India. They found that electrical
conductivity changed by approximately 2.02 % and 1.79 % per degree of temperature change
over the range of 15 to 35°C and 0 to 15°C, respectively. Before this research, for many years,
a table issued by Whitney and Briggs (1897) was a guide for researchers to adjust soil resistance
at a given temperature; Richards (1954) published another table to correct temperature for
multiple soil samples. The results of Chen and Or (2006) supported further those by Campbell
et al. (1949), i.e. an approximately 2 % increase in electrical conductivity for each degree
centigrade change in temperature. They also reported that increasing concentration of
suspended material decreases how electrical conductivity depends on temperature. Hayashi
(2004) evaluated electrical conductivity during mixing of water and saline water with different
compositions and its dependency on temperature. They tested the arbitrary constant of a 2 %
increase in electrical conductivity per 1°C, which was proposed by Campbell et al. (1949). They
discovered that the relationship is non-linear when temperature is between 0 and 30°C but a
linear relationship could also estimate the variation reasonably. Above 30°C, it appeared that a
viscosity-based relation estimated the electrical conductivity better than the temperature-based
relation. Hayley et al. (2007) modified a petrophysical model over a temperature range of 0-
25°C. Between the exponential Arrhenius equation and the linear equation proposed by
Campbell et al. (1949), linear approximation has properly predicted the results at low
temperatures. Arps (1953) has discussed the relationship between electrical resistivity,

temperature, and sodium chloride concentration (SCC). Sen and Goode (1992) have published
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an equation showing the relationship between temperature and electrical conductivity. They
compared the results of their model with Arps (1953) formula and found that their relation could
better predict the conductivity variations. Finally, Grellier et al. (2006) investigated the effect
of temperature on the electrical conductivity of leachate. They showed the electrical
conductivity of leachate alone and granular media saturated with leachate as a function of
temperature. They separately demonstrated their results for pure leachate and a granular sample
saturated with leachate.

Many materials and compounds are semiconductors, including those based on the
periodic table’s carbon group, like silicon, and binary compounds between different group
elements like silicon carbide and organic semiconductors, oxides and alloys. For
semiconductors, Keller and Frischknecht (1966) have stated that temperature increase has a
direct impact on the amplitude of ion movement and vibration. It also has an exponential effect
on how frequently ions jump into the vacancies after temperature increases. All semiconductors
have negative temperature coefficients of resistivity. Noritomi (1958) published the curve of an
ionic fluid for conductivity as a function of temperature. It showed the inverse relation between

conductivity and temperature.

Keller and Frischknecht (1966) have also published the effect of temperature on the
resistivity of water-bearing rocks. They found that at normal temperatures (moderate
temperature around 18 to 25 °C), electrical resistivity (conductivity) is related to the resistivity
(conductivity) of the electrolyte in rocks. Moreover, they found that the resistivity of water
decreased as its viscosity decreased (because of temperature increase). They identified that for
the same rock, resistivity at 12 °C is 10 to 100 times higher than resistivity at 18 °C. Focusing
on water-bearing rocks, Binley et al. (2010) worked on the effects of temperature on the real
and imaginary parts of electrical conductivity and the spectra of three permeable sandstones

(Berea, Cottaer and Sherwood with porosity of 19, 21 and 32 % , respectively) at 1.5 Hz. For
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simplicity, they developed a simple model to study the relaxation time related to the peak of the
imaginary part of electrical conductivity rather than theoretical and phenomenological models
like Cole-Cole model, successfully for the experimental data. Llera et al. (1990) proposed a
quasi-exponential relation between temperature and resistivity of water-saturated rocks. This
relation also confirmed the decrease in resistivity with temperature increases above 200°C
induced by high pressure. Coster (1948) found that at high temperature (up to 1000 °C),
conductivity of rocks increased exponentially with temperature for seven rocks tested. They
used DC current to measure the resistance and then calculate conductivity. They published a
table demonstrating the dependency of conductivity, temperature, and depth. Not only for
different soil types (Nouveau et al., 2016), but also Sherrod et al. (2012) have provided the data
for apparent resistivity and temperature monitoring for 3 years in different soil zones in a
moderately heterogeneous shallow field subsurface. They have published equations for the
relationship between temperature and resistivity in the vadose zone (to the depth of almost 1 m)
and saturated zone (at depth among 1 to2 m). Due to seasonal variations in precipitation during
the measurement period, they clearly monitored the effects of drainage and imbibition in the
shallow subsurface. Finally, Zhu et al. (2018) have described the electrical properties of five
coal samples. At low and high temperatures (30 to 200 °C), they prepared two complex
resistivity-temperature and complex relative permittivity-temperature models by separately
measuring electrical impedance in samples. Subsequently, complex resistivity and relative
permittivity were obtained by calculation. They found that at low frequencies (less than
100 kHz), volume resistivity rapidly decreased, but the rate of decrease at medium (100 kHz to
10 MHz) to high frequencies (10 to 30 MHz) was much slower. At a fixed frequency (100 kHz),
with temperature increase, volume resistivity initially increased, but it conversely decreased at
the end. They reported that both the real and imaginary parts of relative permittivity had the

inverse behavior than temperature increases.
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Some studies reported inverse behavior for how resistivity changed with temperature.
For instance, Quist and Marshall (1968) found that for water in some specific conditions,
dielectric permittivity decreased but electrical resistivity increased for temperatures above
300°C. In a study on lateritic soil, Bai et al. (2013) found that the electrical resistivity decreased
non-linearly with increasing temperature.

1.3 Objectives

Studies on DNAPLSs, which are non-polar insulators, are harder than studies on polar
water due to heterogeneity in DNAPLs resulting from weathering and biodegradation (Ajo-
Franklin et al., 2006). It is interesting from the geophysical standpoint to study how these two
fluids with different polarity and dielectric properties interact after drainage and after imbibition
of water on soil and comparing the results with results obtained from pure products. Some
studies have reported effects of soil heating on different liquids and materials like NAPLs but
little attention has been paid to effects of temperature change on soils polluted by DNAPLs and
their electro-geophysical characteristics. A lack of study and data regarding how to clean up
pollution in these contaminated soils and porous media from the geophysical perspective in the
literature. After years of geophysical study, debate continues to swirl around this subject.

The aim of this experimental study was to assess the effects of temperature changes on
the complex electrical resistivity, relative permittivity, and temperature coefficient for the
conductivity, for two different types of DNAPLSs (i.e., CT and CS) and water in porous media.
This study examined the application of spectral induced polarization (SIP) and TDR as electro-
geophysical methods for estimating the efficiency of soil heating methods used as remediation
processes for sites polluted by DNAPLs.

This research provides a better understanding of how effective thermal enhancement is,
highlights the dependency of geophysical parameters on temperature change for DNAPL

remediation, and could be useful for accelerating the remediation process by choosing the
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optimum temperature in soil heating techniques. Choosing the optimal temperature can be a
critical issue. Firstly, this temperature should be less than heat of vaporization of the DNAPLs
because smelling DNAPL vapor can be very hazardous. Secondly, as far as increasing
temperature caused decreases and increases in electrical resistivity and dielectric permittivity
(measured by TDR) respectively, the higher temperature heating leads to the faster DNAPL

recovery. In the following part, we express the experimental setups to obtain these goals.

2 Experimental setups and data acquisition

The methodology used in this study is based on the laboratory experiments carried out to
estimate electrical resistivity and relative permittivity of multiphase porous media developed
recently by Colombano et al. (2017). The complex resistivity data were collected using SIP.
Resistivity measurements were taken at 20 frequencies ranging from 0.183 Hz to 20 kHz.
Relative permittivity values were obtained from STE TDR probes (METER Group), at 70 MHz
(to diminish salinity and textural effects to obtain data that are more comprehensive (Kizito et

al., 2008)).

Laboratory tests were carried out on cells and columns. All cells and columns were made
of polyvinylidene fluoride (PVDF), a highly non-reactive, thermoplastic polymer normally
used when strong solvent-resistance is needed (Schweitzer, 2004). Coarse glass beads (GB)
with a diameter of 1 mm were used to simulate a porous medium. Water saturations, DNAPL
saturations, and temperature variation were used as the variables in the experimental program.
CT and CS with water were used to model a two-phase fluid system. In our experiments, water
was treated as the reference liquid to compare the results of contaminations and to monitor the
effects of pollution removal in porous media. Table 1 shows both DNAPL’s (CT and CS)
properties at 20°C. In all experimental setups, one measurement and six measurements were

done in the small cell and the columns, respectively (Fig. 1.).
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Fig. 1 shows a schematic layout of the cell and the column used in this study. Each
experimental setup has three main parts: water reservoir, DNAPL reservoir and main column
(porous medium). The cells were 5.56 cm long with the internal diameter of 5.8 cm, but the
columns were 25 cm long with the same internal diameter. Each of the main samples was
connected to a DNAPL reservoir and a water reservoir with plastic tubes with internal diameters
of 3.5 cm, and 36 cm and 8 cm long, respectively.

The distribution of the electrical potential in porous media around two current-carrying
electrodes depends on the electrical resistivity and distribution of the surrounding media. In the
laboratory measurements with the configurations of Wenner alpha and Schlumberger for cells
and columns, respectively, an AC current was applied between two ring-current electrodes
implanted in the columns and two potential electrodes used to collect the potential difference.
In these configurations, all the electrodes were embedded on the same orientation and the
electrodes for measuring M and N were laid out between the current electrodes A and B. As
illustrated in Fig. 1., according to the principles of these configurations, for Wenner alpha
distances between two electrodes next to each other are same, but for Schlumberger the distance

MN is small compared to AB.

For the small cells and columns, two and six non-polarizable hand-made Cu/CuSOs4
potential electrodes (Maineult et al., 2004) were installed between the two current electrodes,
respectively. The two metallic ring current electrodes that are made of nickel-cobalt alloy
(MP35N) were placed on the top and bottom of cells and columns. These current electrodes had
the same diameters as the internal diameter of the columns. For the potential electrodes, the
saturating solution was made of milli-Q water (ultrapure water) 72.75 %, CuSO4 26 % and
gelatin 1.25 % that were mixed and heated (=80°C) for 45 minutes using a shaking heating
plate. The stability and reliability of these potential electrodes was checked by performing

resistivity measurements of tap water 12 hours before running and ending experiments. These

12



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

measurements with the water also helped us to find the geometric factors of each sample for
calculating the resistivity values from measured impedance. The conductivity and temperature
of water also measured with a portable conductivity meter, model pH/Cond 3401 (WTW
Measurement System Inc.) before starting experiments to obtain thegeometric factor of each
sample. Finally, the SIP measurements were done using the SIP-lab-IV instrument (Radic

Research).

Relative permittivities of each cell and column were measured with 10 cm (1) X3.2 cm
(w) model STE TDR sensors and cable length of 5 m located at the middle of the cells and
columns (Fig. 1.). The effective zones of the TDRs were examined in a complex multiphase
sample before designing the cells and columns; the radius of influence of these TDRs is 2.5 cm
in all directions. There were one TDR in cells and three TDRs in columns. All TDRs were
connected to a CR-1000 data logger (Campbell Scientific Inc.), in order to independently

monitor the relative permittivity and temperature in our porous medium.

The temperature variations were applied first on pure products with and without GB,
second in glass beads packed after drainage and third after imbibition. During the first stage
(experiments on pure products), the geophysical characteristics of water, CT and CS were
obtained to facilitate comparing and understanding the effects of saturation of each phase

besides temperature in the next stages.

The second and the third experimental setups, i.e., after drainage (wetting phase
irreducible saturation) and after imbibition (non-wetting phase residual saturation), were
designed to obtain measurements in different contaminant saturations over time and frequency.
In our experimental setups, the DNAPL saturation after drainage was 80 % + 1 % and water
saturation was 20 % + 1 %. The ratios of water and pollution were 92 % and 8 % + 1 %,

respectively. With these experimental setups, we planned to evaluate the effect of temperature
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change in different saturations to estimate correctly the DNAPL saturations during the

remediation processes.

Before starting drainage, degassed-tap water obtained from an ultrasound tank (VWR
Ultrasonic Cleaner - USC500D) was injected into the cells/columns from the valve placed at
the bottom by a peristaltic pump (Watson Marlow 530U). Drainage and imbibition were
simulated by increasing and decreasing level of the DNAPL column at the left side of the cell
and water reservoir. The methodological approach taken in this study is based on the variation
of electrical resistivity and relative permittivity due to temperature increase throughout the
different experimental setups. In all setups, experiments were launched at 20°C then the
temperature was increased to 30°C, 40°C, and 50°C after 24 hours or in some cases after a
shorter period of time but never less than 12 hours. The oven used for this study was isolated
and had a temperature sensor inside it. All measurements were recorded as soon as the same
temperatures were obtained inside the samples (recorded by TDRs) and the oven. In our
experiments, all these geophysical parameters were measured in a regular time schedule of two

hours for complex resistivity and thirty seconds for relative permittivity.

3 Results

3.1 Effects of temperature on the relative permittivity

TDRs separately collected relative permittivity data during simultaneous experiments on
cells and columns. As we mentioned in section 2, all the TDR probes were placed inside the
columns. When the temperature was increased, one hour of delay was observed in the reported
temperature from TDRs. Because 70 MHz was the applying frequency of the TDRs used in this
study, the real part of the complex permittivity was much more than the imaginary part (e.g.,

for water it is=81 versus =2) (Raju, 2003), therefore, only the real part of the complex frequency
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dependent absolute permittivity of water and DNAPLs were considered to obtain the relative
(dielectric) permittivity.
3.1.1 Effects of temperature on the relative permittivity of pure products

The first sets of analyses examined the impact of temperature increases on the pure
products. The results of the analysis of relative permittivity data for pure product with and
without GB for different temperatures are presented in Fig. 2. It is apparent that temperature
increase decreases the relative permittivity of water with and without GB. On the contrary, in
the columns saturated with CT or CS, temperature increases increased relative permittivity.
This could be because both DNAPLs are non-ionic fluids whereas water is an ionic fluid (Riley,
1988). The relative permittivity of the columns saturated with CT, with and without GB, was
higher than the relative permittivity of columns saturated with CS. These results also evidence
the effect of adding GB to the medium. In three columns with GB, adding GB led to a 2.37 to
2.15 times decrease in the relative permittivity of water over the range of 20 to 50°C, but in the
DNAPL columns, it increased the relative permittivity of almost 1.7 to 1.77 and of 1.85 to 1.77,
respectively. This inverse behavior of CT and CS compared to water is because the relative
permittivity of GB is higher than the relative permittivity of CT and CS, but lower than the
relative permittivity of water.

From the data concerning water, we can see that the temperature change from 20 to
30°C had a lower slope than the next temperature increase. Temperature increases led to
29.04 %, 19.91 %, 23.59 % and 24.80 % increases in the relative permittivity of CS, CT,
GB+CS and GB+CT over the range of 20 to 50°C.

3.1.2 Effects of temperature on relative permittivity after drainage (irreducible wetting
phase saturation) and imbibition (residual non-wetting phase saturation)

DNAPLSs as a non-wetting fluid and water as a wetting fluid were used as two different

liquid phases. Experiments on the columns were performed with gradual draining of main
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samples by increasing the DNAPL reservoir column with incremental steps. After replacing the
non-wetting phase by the wetting phase, the experiments were stopped and the temperature
increased, as we did for pure products. How relative permittivity (real part) changed for both
DNAPLs after drainage and imbibition over the temperature range of 20 to 50°C is presented in
Fig. 3. The DNAPLs and water saturations were about 80 % and 20 % after the drainage stage,
respectively, but these proportions were respectively 8 % and 92 % after imbibition. Analyzing
these two stages needs the reference data of pure DNAPLs and water with GB (100 % DNAPLs
and 100 % water) that are also presented in Fig. 3.

From this data, after drainage, because of DNAPL saturation dominating compared to
water, it was apparent that the relative permittivity of both DNAPLs increased with increasing
temperature. During the experiments, sometimes a slight difference between the permittivity of
the different columns with the same DNAPL was observed. It could be because of the difference
in geometry and the amount and distribution of DNAPL saturations of cell and column.
Heterogeneity in the distribution of pollutants may explain these discrepancies between the
different columns saturated with the same pollutant. After drainage, for both CS+GB and
CT+GB, the trends of the results agreed with the results for pure products (see Fig. 2).

After rewetting the sample by replacing water with DNAPLSs (by decreasing the DNAPL
reservoir column), the residual DNAPL saturation could not be removed from the sample. In this
stage, the measured relative permittivity was used, in order to assess the temperature increase
after imbibition with the residual non-wetting saturations. Because water saturation (92 %) was
much higher than DNAPL saturation (8 %), temperature increases should normally cause a
permittivity decrease. As shown in Fig. 3, the variation of relative permittivity as a function of
temperature after imbibition for CS follows the water trend precisely but for the CT column, this
variation was constant with a slight increase. It seems possible that these results were due to

DNAPL saturation of more than 8 % after imbibition in this column. It is helpful to note that
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after finishing the experiment and while the columns were being cleaned, it was obvious that CT
saturation was higher than CS saturation in these columns. It seems that the higher adhesion of

CT compared to CS tends make it stick to the glass beads and increase the residual saturation.

3.2 Effects of temperature on the electrical resistivity

The electrical resistivity of a porous medium contaminated by DNAPLs depends on many
geological, geophysical and environmental factors but the most important parameters are
proportionality of water and DNAPL saturations, porosity of the porous media, salinity and
temperature. The dominant conductor between water and DNAPL and the degree of saturation
of each fluid in the porous media have important effects on electrical complex resistivity. In the
following sections, we focus on the effects of how varying water and DNAPL saturations and

temperature change affect the real and imaginary parts of the complex electrical resistivity.

3.2.1 Effects of temperature on the electrical resistivity of pure products

To have a better understanding of how temperature changes regulate and affect
resistivity values, Fig. 4 summarizes all measurements to show how resistivity (real part) and
phase spectra (imaginary part) of complex resistivity of pure products change as a function of
temperature at 1.46 Hz. Temperature increases decreased resistivity values for water and two
DNAPLSs with and without GB. Adding GB to the samples increased resistivity for water and
decreased resistivity for both DNAPLs.

Resistivity was higher for CS than for CT. This difference is more significant at 20°C
and from 30 to 50°C the resistivity values were close to each other. Higher decreases in
resistivity for columns of CT and CS were observed from 20 to 30°C compared to the other
temperature changes. From this data, resistivity of water and GB+water also decreased with
temperature increases, with the same slope.

Phase shift spectra in water samples with and without GB were constant between 0 to

2 mrad but temperature increases decreased phase spectra for both pollutants with and without
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GB. Compared to the amplitude of complex resistivity, phase shift was not significantly
affected by adding GB for CT but for CS, a significant change in phase was observed, especially
at 40 and 50 °C. Generally, in all samples with DNAPLs, temperature increases decreased both

the real and imaginary parts of complex resistivity (electrical resistivity and phase).

3.2.2 Effects of temperature on the electrical resistivity after drainage (irreducible
wetting phase saturation) and after imbibition (residual non-wetting phase
saturation)

As investigated in section 3.2.1, after performing measurements on pure products, all
the experiments were done after drainage and after imbibition, respectively, to see the effects
of temperature for different phase saturations in a multiphase system. Fig. 5 shows how
resistivity and phase carried as a function of temperature for all columns, after drainage, after
imbibition and for pure products. After drainage and imbibition, resistivity linearly decreased
due to temperature increases for both DNAPLs. The influence of 20 % water after drainage
compare to the pure products is clearly evidenced in Fig. 5. As we expected, resistivity was
higher in pure products than after drainage but the downward trends were almost the same.

The difference between the resistivity of both DNAPLSs after imbibition with water were
very low. After imbibition, the domination of water saturation versus DNAPLs saturation in
these columns could be the reason for this similarity and low differences (because of regular
behavior of water compared to DNAPLSs).

For CS, temperature increases decreased the phase spectra after drainage and after
imbibition like pure products but for CT, after drainage and after imbibition the phase spectra

decreased and increased as a function of temperature, respectively.

3.3 Frequency domain of electrical resistivity and phase
Amplitude and phase spectra obtained from SIP response of the samples of CT with and

without GB at all frequencies are shown in Fig. 6. The results of laboratory spectra show that
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temperature increases decreased resistivity for both cases. The difference in resistivity was
more significant in low frequencies than for high frequencies.

Phase spectra of both CT and GB+CT show that increasing temperature shifts the bell curve
(peak) to the higher frequency. This finding is consistent with those of Binley et al. (2010) about
the effect of temperature change on phase spectra at the frequency range of 0.002 to 100 Hz.
As they explained, this expected phenomenon is because of lower relaxation time for the
diffusive process. The experiments on the other DNAPL (CS) with and without GB followed
the same trend for both the real and imaginary parts of complex resistivity but the peak of the

bell shape curve was at a lower frequency that for CT.

4 Discussion

4.1 Empirical models for relative permittivity

Our experimental data for the relative permittivity of pure water (Fig. 7) corroborated
previous research (Lide, 2008; Weast, 1986; Malmberg and Maryott, 1956 (see Equation 1)).
Weast (1986) proposed an equation to study the real part of relative permittivity of pure water
as a function of temperature:
g =7854[1—4.58x 1073(T — 25) + 1.19 X 107°>(T — 25)% — 2.8 x 1078(T — 25)3]
),
whereas Lide (2008) gave the following relation:
g =0.24921 x 103 — 0.79069T + 0.72997 x 1073T? (4),
where in this equation T is the absolute temperature in °K. In Fig. 7, there is a similarity between
the trend of measured relative permittivity of water in this study and past studies. Our
experimental data fell within the area between the curves obtained by Malmberg and Maryott
(1956), Weast (1986) and Lide (2008). In Fig. 7, the curves of Lide (2008) and Malmberg and

Maryott (1956) are completely superimposed. The fact that our results are in agreement with
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the expected behavior of pure water makes us confident of the validity of the measurements for
other compounds and multiphase media.

Two different experimental setups, a cell with one TDR and a column with three TDRs,
recorded values every thirty seconds after increasing temperature for each step, therefore,
hundreds of data points were obtained for each TDR for a given temperature. Since changes in
recorded relative permittivity were very low, mean values with standard deviation less than
0.05 (for all compounds) were used to show the permittivity for each temperature in Fig. 2. For
other compounds, we fit the permittivity change with temperature using the following equation:
g =¢gjo+ a(T —20) + b(T — 20)? Q)
where 7 is temperature in °C. After fitting the experimental data, the obtained coefficients €20,
a and b, adjustment coefficient (R?) and p-value are reported for our different multiphase
systems in Table 2. In terms of statistical changes, our calculated R’ and p-value for all three
compounds were significantly fitted; therefore, the proposed models have reasonable
predictions of experimental data.

One of the empirical mixing models for relative permittivity in multiphase porous media
at high frequency (more than 100 GHz) is the CRIM (Complete Refractive Index Method)

model (Glover, 2015), which for our experimental setups can be expressed as:

Emixed = (90\/ Ewater,cT or cs T+ (1 - 90)\/ SGB)Z (6)

where ¢ is the relative permittivity and ¢ is the porosity of the medium. CRIM model is a
derivative (when m = 2) of a general empirical mixing model for relative permittivity that is

called the Lichtenecker—Rother equation (Glover, 2015):

n 1/m inm
Emixed = (Zi:lgi ®") (7)

In this equation m is a frequency-dependent coefficient that can vary for different frequencies

in both high and low frequency but in high frequency, the polarization factor will affect the
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relative permittivity of water (Glover, 2015). From our experimental data, the porosity is 38 +
2 %, and we assume that the relative permittivity of glass beads is 13.8. In Fig. 8, the CRIM
model properly fit the experimental data for water and CT at 20 and 30°C but there are small
underestimations at 40 and 50°C. For CS, the CRIM model has an underestimation over the
temperature range of 20 to 50°C but the trend of predicted relative permittivity matches the
experimental data for this DNAPL. As equation 6 shows, the CRIM model is a relationship
between a material’s permittivity and its volume fractions in a multiphase system. Correction
of this equation by adding temperature effects can avoid inaccurate data estimations for high

temperatures.

For CS, temperature increases led to a greater difference between experimental and

predicted data.

4.2 Temperature coefficient of resistivity (a)

How the electrical resistivity of water and other materials varies has been widely studied.
For instance, the resistivity of metals and semiconductors respectively increase and decrease
with temperature increase, but alloys’ resistivities do not have very strong temperature
dependency (Keller and Frischknecht, 1966).

Dakhnov (1962) and Keller and Frischknecht (1966) have presented a relation to describe
the temperature dependency of resistivity for an aqueous liquid over the temperature range of

0-200°C:

—_ Pwq
Pw = 1+a(T—T,) (8)

where puo is the resistivity of the aqueous fluid at temperature 7y and « is the temperature
coefficient of resistivity. From our result, the calculated a for water is 0.027°C!. This finding
is in agreement with Keller and Frischknecht (1966) and Campbell et al. (1949), who showed

that a is about 0.025 and 0.02°C™!, respectively. Hayley et al. (2007) and Scott and Kay (1988)
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have reported a range of temperature coefficient between 0.018 - 0.022 for water. Heimovaara
et al. (1995) and Amente et al. (2000) also published 0.019 for water. For unsaturated soil in a
field scale, Nouveau et al. (2016) found a value of 3-3.5 %. They stated that the main reason
for this difference with the past work could be because of using resistivity data after inversion.

This equation for an ionic salty aqueous solution showed that resistivity and temperature
have are inversely connected. For water, increasing mobility of ions because of temperature
increase decreased viscosity. One of the main challenges in this study was verifying this relation
for two different DNAPLs as non-ionic fluids. According to an intuitive hypothesis, after
monitoring the trend in resistivity variation with temperature in our experimental data and
accuracy and precision of fitting, temperature coefficients for resistivity were obtained for all
measurements in all cells and columns. In some cases, the parabolic equation had the better
fitting with adjustment coefficient (R?) almost equal to one, but with the parabolic fitting the
final equation is more complicated. The results of linear fitting of DNAPL data properly

demonstrated the accuracy of the equation proposed by Dakhnov (1962) for both DNAPLs.

Fig. 9 shows the linear method that was used to obtain the a coefficient and a value for
all cells and columns. The CS a value is much higher than the a values for CT and water, but
we saw less variation in o values when they are with GB. By contrast with both DNAPLs,

adding GB increased the a value of water from 2.7 % to 5 %.
4.3 Effect of temperature on Cole-Cole parameters

Pelton et al. (1978) discussed the relevance of induced polarization and the Cole-Cole

model. The Cole-Cole presents the resistivity of a porous medium as:

p(@) = po [1 = m(1 ~ o] ©)

1+(iwT)°
How the four major parameters in the Cole-Cole model (with the code developed by Maineult

et al., 2017), low frequency resistivity po,intrinsic chargeability m, Cole Cole exponent ¢ and
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mean relaxation time 7 that characterizes the decay (Pelton and Smith, 1976) change as a
function of temperature for CT, with and without GB, is shown in Fig. 10. Increasing
temperature increases po, m, log(z) but parameter c fell after a change from 40 to 50°C for CT.
Temperature increases decreased p and log(r) and increased m but after 40°C this parameter

became constant. ¢ was also constant and equal to 1, that is conform with the Debye model

(Kalmykov et al., 2004).

5 Conclusions

This study attempted to extend our understanding of how temperature changes affect
relative permittivity and complex electrical resistivity in multiphase porous media saturated
with coal tar or chlorinated solvent. Our findings enhance knowledge on auxiliary techniques
(e.g., thermally enhanced DNAPL remediation techniques), which accelerates clean-up
processes (pump and treat) for sites polluted by DNAPLs. Whether a solid phase was present
or absent in the experiment, results showed that as temperature increased, the real component
of the relative permittivity of water and DNAPLs decreased and increased, respectively. Adding
solid phase to pure samples increased and decreased the relative permittivity of DNAPLs and
water, respectively. The effect of temperature change on relative permittivity of both DNAPLs
was the same as for pure DNAPLs but after imbibition (8 % DNAPL and 92 % water), unlike
CT, the relative permittivity of CS samples did not conform to the relative permittivity of pure

CS.

Temperature increased decreased both the amplitude and phase shift component of the
electrical resistivity of water and both DNAPLs tested in the presence or absence of the solid
phase. How Cole-Cole parameters change as a function of temperature were also discussed in
this study. The laboratory spectra showed temperature increases decreased resistivity on the

frequency domain for CT in the presence or absence of the solid phase. It was found that the
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difference in resistivity was more significant for low frequencies than for higher frequencies.
Laboratory phase spectra of both CT and GB+CT showed that increasing temperature shifted
the bell curve of the spectrum to higher frequency. Our experimental data of electrical complex

resistivity and relative permittivity conform to the empirical models on these subjects.

These current results demonstrated that SIP and TDRs follow variations in electrical
resistivity and relative permittivity during the long-term monitoring of soil remediation
processes. The GB diameter was purposefully selected to simulate the same physical
characteristics in laboratory setups and our targeted fieldwork (e.g., same porosity in the lab
(38 % = 2 %) and the field (36 % to 42 %)). Results compared with empirical models and can
be extended to field work. In general, we believe that these results might be applied to sandy
soils and permeable sandstones with close porosity and resistivity but we cannot claim that
these findings would be suited to other soils with different porosities and resistivity because the
electrical resistivity of soils is related to their composition and corresponding physical indexes

like the plasticity index, coarse function and more (Abu-Hassanein et al., 1996).

In the field, the body of porous media are soils with lower resistivity and higher relative
permittivity compared to GB. We believe that along with its benefits, using GB may influence
the temperature dependency of a medium but this difference should not be significant unless

particularly fine-grained soil with high electrical conductivity will be used.

Finally, we found that changes due to temperature are not really significant on relative
permittivity but that combining resistivity and TDR data could be a key point. Further research
on the effects of temperature change on the imaginary component of relative permittivity is
needed. Additional research on geophysical characteristics of other DNAPLs will expand the

application of this study.
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754  TABLES

755  Table 1 Physical characteristics of the DNAPL (CT and CS) used in experiments at 20°C

Density Viscosity (Pa.s) | Interfacial Contact
(Kg/m?) tension (mN/m) | angle/glass (°)
Coal tar (CT) 1099 0.054 2.5 128
Chlorinated 1660 0.0045 11.15 60.67
solvent (CS)

756

757  Table 2 Relative permittivity at 20°C (g’20) and coefficients of a, b and (R’) (equation 5) for

758  different multiphase media used in this study

€20 a b R’ P-value
GB+water 33.337 -0.0393 0.0001 0.9997 0.0117
GB+CT 11.476 0.0971 -5.00 x107° 0.9996 0.0177
GB+CS 9.3644 0.0779 -0.0002 0.999831 0.0172
759
760
761
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763

764  Fig. 1. Schematic of experimental setup (lengths are in cm). a) Geometry of a cell and a column
765  with the position of TDRs, current (A and B) and potential (M and N) electrodes. Each bracket
766  indicates a measurement in a sample. b) Experimental setup including water and DNAPL
767  reservoirs and sample.
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