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The electrochemical impedance spectroscopy (EIS) characteristics of sandy soil and pore fluids
containing different concentrations of NaCl, Na,SOs or NaHCOs were tested and comprehensively
analysed. The equivalent circuit fitting and analysis results show that the basic equivalent circuit of the
sandy soil system is circuit (1) R(C(R(Q(RW))))). The EIS of different sandy soils show their
respective characteristics. Compared with those of the pore fluids, the radius of the capacitive loop and
the peak of phase angle for the sandy soil is small, showing the high corrosivity of sandy soil. The sand
particles facilitate low-frequency processes and hinder high-frequency processes. In the high-
frequency region, the three conductive paths in the sandy soil are mostly in the conducting state, and
the corresponding modulus is large. At the frequencies of 10°~10? Hz, the peak of phase angle for the
sandy soil containing NaCl, Na>SO4 or NaHCOs3 is greatly affected by the concentration of the pore
fluid, which may be caused by the porous structure and the state of the "liquid bridge".
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1. INTRODUCTION

Soil corrosivity is an indispensable parameter for engineering designs, such as pipeline laying,
grounding designs (power systems), and bridge structures [1-5]. Foreign studies in this area are in
relatively early stages, and research on the corrosion of materials in China's natural environment
(atmosphere, seawater, soil) began in the 1950s [6]. At present, China has initially established a natural
environmental corrosion test network (Figure 1) that has guided a large number of engineering
applications. However, a material corrosion test station has not been established in Shanxi Province.
Therefore, basic theoretical research on the electrochemical properties and corrosion mechanism of the
soil in Shanxi Province has important scientific significance and application value.


http://www.electrochemsci.org/
mailto:13834569544@163.com

Int. J. Electrochem. Sci., Vol. 15, 2020 3544

e S

Shenyang
Beijing oa

ST Umm%é \

~ = |
a
o - ]

\§ 4 ; " ; Dunhuang Yumcn
. ‘\_. ? n ¥ Colq.lakc -
e % Zhang Ye

.X1.an
Chengd
cnﬁ = ..Three (yorf,esg

i system soil station

Figure 1. Distribution of the soil corrosion test stations in China[6]

The pollution mechanism of contaminated soil mainly focuses on the ion exchange, electrical
double layer changes and cement dissolution [7, 8]. The formation of polluted soil is a process of
conversion, migration, degradation, absorption and diffusion of pollutants in soil-aqueous systems. In
an original soil system, a new chemical component is added, or the original chemical composition is
changed. The thickness of the electrical double layer is compressed or increased, ultimately affecting
the expansion strength of the colloidal particles in the soil, which is macroscopically reflected by the
change in the soil engineering properties [9-11]. Clay (kaolinite, illite, and montmorillonite) or clay
particles and water or ions experience strong adsorption and exchange, and the electrical double layer
affects the permeability of sodium kaolin [12-15]. Research on the engineering properties of
contaminated soil is mainly focused on the study of its physical and mechanical properties.

Electrochemical impedance spectroscopy (EIS) principles and testing technology provide new
ideas for the application of EIS theory in geotechnical engineering. EIS has been widely used in the
research of electrode process dynamics, electrical double layer, electrode materials, solid electrolytes,
conductive polymers and corrosion protection. EIS and polarization electrochemical tests have also
gradually been applied in research on the electrochemical corrosion of soil environments [16, 17]. EIS
and polarization curves can be combined to obtain more soil corrosion information and corrosion
Kinetic parameters [18]. Electrochemical analysis of a steel/soil interface can be used to estimate the
active area of the electrode via the determination of the soil electrolyte resistance and facilitates the
monitoring of the evolution of the steel/soil interface [19].

At present, there are many studies on the corrosivity of sandy soil, floury soil [20, 21] and
various contaminated soils [22, 23]; however, the electrochemical properties of sandy soil are still in
the preliminary research stage of basic laws and interface theory. Jiang [24] studied the effects of the
length, width and liquid film concentration of the three-phase line interface on the oxygen reduction
cathode process and corrosion behaviour in sandy soil and found that the length and width of the three-
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phase line interface zone have an important impact on the metal corrosion cathode process and
corrosion behaviour. Zhang [25] studied the electrochemical impedance characteristics of sandy soil
systems with different particle sizes and different water contents and analysed the relationship between
circuit parameters and particle size and water content. Ma et al [26-28] analysed the effects of NaCl,
Na,SOsand NaHCOs on the electrochemical properties of saline sand. He et al [29] systematically
studied the effect of soil particle size on the corrosivity of sodium chloride sand by laboratory
electrochemical tests. Research on the electrochemical characteristics of sand systems is mainly carried
out from two aspects: basic models and equivalent circuit fitting. The research of equivalent circuits
needs further exploration.

To further study the co-effects of sand particles and pore fluid containing common soluble
sodium salt on the electrochemical characteristics and corrosiveness of sandy soil, the influence of
sand particles and pore fluids on the electrochemical behavior and equivalent circuit components of
sand soil were revealed, and the influence mechanism of the porous structure on electrochemical
conduction process of the sand soil were explored based on the electrochemical theory, soil mechanics
and soil adhesion mechanism in this work. The EIS of sandy soil and pore fluid containing a single salt
(NaCl, Na2SOs, or NaHCOs [30]) was carried out under three-electrode systems. The equivalent circuit
was selected according to the interface structure of the electrode-sandy soil and the properties of the
pore fluid, and the electrochemical behaviour and corrosion of sandy soil containing soluble sodium
salt were comprehensively analysed.

2. EXPERIMENTAL METHODS
2.1 Materials
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Figure 2. Grain size accumulation curve of the standard sand

To reduce the influence of unrelated variables in sandy soil, the sandy soil used in this work is
standard sand manufactured by Xiamen ISO Standard Sand Co., Ltd., and the silica content is greater
than 98%. The maximum dry density pimax=1.86 g/cm?, the minimum dry density pamin=1.56 g/cm?,
and the standard sand is dried before use. It can be seen from the grain size accumulation curve of the
standard sand that the gradation of standard sand is not continuous, but the conditions of Cu>5 and Cc
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=1-3 are both satisfied, which indicates that the standard sand is a good grade of coarse sand (Figure
2). The quartz glass cylinder for the test possesses an internal volume of 9.5x9.5x9.5 cm?, and the
water is distilled water. The anions are CI-, SO+* and HCOs™ (significantly affecting the soil corrosion),
and the cation is Na* (the most soluble in water). The salts (NaCl, Na2;SOs, NaHCOQ3) are all
analytically pure reagents.

2.2 Method

In this work, electrochemical impedance spectroscopy (EIS) tests are carried out for sandy soil
and pore fluids containing single soluble sodium salts (NaCl, Na2SO4, NaHCO3). The scheme is shown
in Tables 1-2. According to the "Geotechnical Investigation Specification” GB 50021-2001 and the
solubility of each soluble salt in water at the test temperature, the concentrations of salt are chosen,
where the concentration is the percentage of salt in water. The sample is named for the salt content (%)
of the pore fluid in the soil. For example, 0.3% and 0.3%-S refer to a pore fluid with a salt
concentration of 0.3% and sandy soil with a pore liquid concentration of 0.3%, respectively.

Table 1. Composition of the sandy soil containing single soluble sodium salt

Sample Msandy soit!d ~ Muwater/d Msai/g Liquid content /% Salt content/%
0.3%-S 1000 150 0.45 15.05 0.045
NaCl 1.0%-S 1000 150 1.50 15.15 0.150
(NaCl 58.44 g/mol) 3.5%-S 1000 150 5.25 15.53 0.525
5.0%-S 1000 150 7.50 15.75 0.750
0.3%-S 1000 150 0.45 15.05 0.045
NazSO. 1.0%-S 1000 150 1.50 15.15 0.150
(NazS04 142.04 g/mol) 2.0%-S 1000 150 3.00 15.30 0.300
3.0%-S 1000 150 4.50 15.45 0.450
0.3%-S 1000 150 0.45 15.05 0.045
NaHCO; 0.5%-S 1000 150 0.75 15.08 0.075
(NaHCO384.007 g/mol) 1.0%-S 1000 150 1.50 15.15 0.150
1.5%-S 1000 150 2.25 15.23 0.225

Note: For example, 0.3%-S refers to sandy soil with pore liquid concentration of 0.3%.

Table 2. Composition of the pore fluid with single soluble sodium salt

NaCl Muater/Q Mnac/g Na,SO, Muater/Q MNa2s04/9 NaHCO3 Muwater /0 MNaHCO3
0.3% 150 0.45 0.3% 150 0.45 0.3% 150 0.45
1.0% 150 1.50 1.0% 150 1.50 0.5% 150 0.75
3.5% 150 5.25 2.0% 150 3.00 1.0% 150 1.50
5.0% 150 7.50 3.0% 150 4.50 1.5% 150 2.25

Note: For example, 0.3% refers to a pore fluid with salt concentration of 0.3%.
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The soil is of medium compactness (1/3<Dr<2/3). According to the relationship between

relative compactness and dry density (Dr = ﬁ z’[’;“;iiiﬁ ji::; ), range of the dry density (pd) is 1.64-

1.73 g/cm?®, and height of the sandy soil is controlled at approximately 6.5 cm. The water content is
15%, and the saturation (Sr) is 71.3%. The configured sandy soil is placed in a fresh-keeping bag for
24 h to mix the water and sand evenly.

The EIS tests are performed under the three-electrode system, with working electrode (WE, the
copper sheet of 1 mmx95 mmx120 mm), counter electrode (CE, the copper sheet of 1 mmx95
mmx120 mm) and reference electrode (RE, calomel electrode). Both copper sheets are separately
pasted on the opposite faces of a quartz glass cell, and the bonding surface of the WE and CE are
sealed by wax to reduce the influence of the working areas on the test. The EIS test is performed using
CS350 electrochemical workstation (Wuhan Corrtest Instruments Corp., LTD.) with a sinusoidal AC
excitation signal amplitude of 5 mV and a scanning frequency range of 10-10° Hz. Plastic wrap is
used to cover the glass slot during the test, and the temperature is the indoor temperature (20 °C). The
salt is weighed on an electronic balance with an accuracy of 0.001, and the others items are weighed
on an electronic balance with an accuracy of 0.01.

3. RESULTS AND DISCUSSION

3.1 Equivalent circuit of sandy soil and pore fluid

Adsorption can change the surface state of the electrode and the distribution of the potential in
the double layer, thereby affecting the surface concentration of the reaction particles and the activation
energy of the interface and directly affecting the electrode process. Figure 3 shows the interface
structure of the sandy soil/electrode and clay soil/electrode, which mainly includes the electrical
double layer at the electrode-solution interface and the water film at the particle-solution interface
[31,32]. At the interface of metal electrode and pore fluid, electrical double layer can be divided into
Helmholtz layer and Gouy layer [32].
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Figure 3. Interface structure of the sandy soil/electrode and clay soil/electrode
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There is almost no negatively charged clay particles in the sandy soil, the particles have a weak
adsorption effect on the cations, and water film at the sandy particle-solution interface does not have
the structure of electrical double layer [31]. The characteristic adsorption on the surface of the sandy
particles does not depend on residual charge, and reflects in the capacitance and resistance of sandy
layer.

WE RE CE

Air

Figure 4. Schematic diagram of the three-electrode system of the sandy soil
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Figure 5. Equivalent circuit of the sandy soil system

The three-electrode system (Figure 4) consists of two loops, one loop consisting of the working
electrode (WE) and reference electrode (RE) for testing the electrochemical reaction process of the
working electrode and the other loop consisting of the working electrode (WE) and counter electrode
(CE) for transporting electrons. In soil, the current flows through an overall cross-sectional area that is
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linked to the saturation level [19]. The conductive path in sand mainly includes the following [33]: 1. a
solid-liquid alternating interface formed by discontinuous solid-phase sand particles and pore fluid; 2.
a solid-liquid alternating interface formed by continuous solid-phase sand particles and liquid bridge;
and 3. a continuous liquid phase between sand particles.

In short, the equivalent circuit of the entire system is simplified to the basic equivalent circuit
(D) R(C(R(Q(RW)))) (Figure 5), where Qai(RctW) is the capacitance of electrical double layer and
Faradaic resistance formed at the interface of the electrode and pore fluid, (CsRs) is the capacitance and
resistance of the inner porous layer close to the electrode [34], Re is the solution resistance, and the
capacitance formed by sand adsorption is represented by Cs in sandy soil.

When the amount of stored charge in the sand is large, the equivalent circuit of the system
changes. On the one hand, a parallel-composite component (Cs2Rs2) representing the outer sand layer
can be added, such as (2) R(C(R(Q(RW))))(CR); on the other hand, the connection of circuit elements
in the equivalent circuit may also vary with the change in soil properties, such as 3) R(Q(RW))(CR)
[35]. In this work, the relative equivalent circuits for different systems are listed in Table 3.

Table 3. Equivalent circuit for different systems

No. Equivalent circuit Comment

Sandy soil containing low

1! - concentration of NaCl (0.3%-S,
®  RCRQRW)) T 1.0%-S);

Sandy soil containing NaHCOs

Re Cs
I

R(C(R(Q(RW))))(CR) e w1 ] Sandy soil containing NazSOa

. Sandy soil containing high

R(Q(RW))(CR) m E ] concentration of Na;CI (3.5%-S,
: 5.0%-S

R(QR) W NaCl and Na2SO4 pore fluid

Re Co

R(C(R(QR))) o g ] NaHCOs pore fluid

Ret

@
®
O)
®

For sandy soil systems, the basic components of the equivalent circuit are the solution
resistance Re, resistance and capacitance of sand layer (Cs, Rs and Cs2, Rs2) and the capacitance of
electrical double layer and Faradaic resistance Qai(RctW) formed at the interface of the electrode and
pore liquid. The equivalent circuit (1) is a basic equivalent circuit, and other equivalent circuits are all
extensions.

The variation of the equivalent circuit is related to the concentration and type of ions in each
contaminated sandy soil. The basic equivalent circuits for the salt solution system are (3) and (5). In
sandy soil, the mobility and aggression of CI- are high, the charge of SO4* is high and HCOjs
contributes to the formation of oxide on the surface of the electrode. The selection of the specific
equivalent circuit is debugged according to the characteristics of the corresponding system and the test



Int. J. Electrochem. Sci., Vol. 15, 2020 3550

results of the electrochemical impedance spectrum. For the solution system, the corresponding
equivalent circuit is selected based on the basic equivalent circuit models R(QR) and R(C(R(QR))) and
the characteristics of the liquid phase environment. Ret is a charge transfer resistor, and Qa is a
constant phase element.

3.2 Electrochemical characteristics of sandy soil containing NaCl

Figure 6 is the Nyquist diagram of sandy soil and pore fluids containing different contents of
NaCl. For an environment with mobile and aggressive ion (CI’), the Nyquist diagram consists of a
capacitive loop connected to a nearly 45° line (diffusion impedance). With increasing NaCl
concentration, the radius of the capacitive loop decreases, and the corrosivity of sandy soil and pore
fluid increases.

It is obvious that the sand particles cause the intersection of the impedance spectrum and the
real axis to move to the right, which is related to the discontinuity of the interface impedance of the
working electrode [29, 36]. Compared with the pore fluid, the capacitive loop of sandy soil with NaCl
presents a smaller radius and the length of the slash of nearly 45° (diffusion resistance) is small.
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Figure 6. Nyquist diagram of sandy soil and pore fluid containing NaCl

Figures 7-8 show the Bode diagram of the sandy soil and pore fluid containing NaCl (modulus
and phase angle diagrams, respectively). The modulus of the sandy soil and the modulus of the pore
fluid intersect in the interval of 10°~10° Hz. The porous structure of sandy soil promotes low
frequency processes and hinders high frequency processes. The peaks of phase angle for sandy soil
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containing NacCl is lower than that of pore fluid containing NaCl, and the peak value moves towards
the low frequency region. This result reflects that the sandy soil is more corrosive than the pore fluid
[37]. With increasing NaCl concentration, the peaks and valleys of phase angle for sandy soil
containing NaCl are more obvious, which also reflects the enhanced corrosivity of sandy soil.
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For further research, equivalent circuits (1) R(C(R(Q(RW)))) and 3) R(Q(RW))(CR) are used
to fit the impedance spectra of sandy soils containing low concentrations (0.3% and 1.0%) and high
concentrations (3.5% and 5.0%) of NaCl, respectively. The results are shown in Table 4. The fitting
software ZSimDemo03.30 is used. The high frequency regions of pore fluids with different
concentrations of NaCl are fitted by equivalent circuit 4) R(QR). The fitting software Zview?2 is used,
and the results are shown in Table 5.

Table 4, EIS fitting results of sandy soil containing different concentrations of NaCl

Sample Re(Q:cm?) Ru(Q-cm?) % Cs R«(Q-cm?) W
P ¢ « Yo(S-s™cm?) n (F-cm?) * ($:570.5-cm?)
0.3%-S 76.56 92.22 3.29E-3 0.71 1.37E-4 11.20 0.023
1.0%-S 30.25 26.61 2.81E-3 0.88 3.58E-4 7.79 0.073
3.5%-S 9.891 17.50 5.03E-3 0.69 7.46E-4 16.01 0.188
5.0%-S 8.406 13.10 6.65E-3 0.73 7.26E-4 4.18 0.310
Table 5. EIS fitting results of different concentrations of NaCl pore fluid
| Re 0 Qui 9 0
Sample (Q-om?) Error% Yo(S-s7cm?) Errorvs - Error% Ra(Q-cm?)  Error%
0.3% 39.89 0.33 5.75E-4 2.18 0.64 0.65 259.9 1.22
1.0% 11.23 1.75 5.38E-4 4.38 0.67 1.14 122.9 1.82
3.5% 5.503 1.78 1.32E-3 2.08 0.61 0.66 117.5 1.01
5.0% 2.560 1.45 3.79E-3 3.75 0.58 1.15 103.0 2.96

The results show that the Re and R¢t of sandy soil containing NaCl decrease with increasing
concentration. The Re of sandy soils is approximately 2-3 times that of the corresponding pore fluid,
but the Rc: of sandy soils is relatively small. This result is consistent with the results of the Nyquist and
Bode diagrams. In addition, the capacitance and resistance of the complex sand layer fluctuate to a
certain degree in the sandy soil, and there is a diffusion impedance (W). The values of n show that
there is a deviation between the interface capacitance and the ideal capacitance, and the parameter Y,
of the constant phase element is on the order of 107 for the sandy soil, which is larger than that for the
pore fluid.

3.3 Electrochemical characteristics of sandy soil containing Na>SO4

Figure 9 is the Nyquist diagram of sandy soil and pore fluid containingNa2SOa. In the SO4?
environment with a large amount of charge, the Nyquist diagram presents a flat capacitive loop.
Fluctuations occur at the low frequency end for the pore fluid system, and the fluctuations are minimal
at high concentrations of NaxSO4. Obviously, the capacitive loop of sandy soil containing Na.SO4 has
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a smaller radius than that of the Na.SO4 solution, showing a large corrosivity. On the whole, a change
in the Na;SO4 concentration has minimal effects on the capacitive loop and corrosivity of the sandy

soil.
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Figure 9. Nyquist diagram of sandy soil and pore fluid containing Na>,SO4
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Figure 11. Bode diagram (phase angle) of sandy soil and pore fluid containing Na>SO4

Figures 10-11 show the Bode diagram of the sandy soil and pore fluid containing Na>SO4
(modulus and phase angle, respectively). The Bode diagram shows that the modulus of the sandy soil
and that of the pore fluid also cross between frequencies of 10°~10° Hz, and the intersection moves
towards 10° Hz as the salt concentration increases. Similarly, the sand particles play a role in
facilitating the low frequency process and hindering the high frequency process. However, the low-
frequency boosting effect is more significant than the high-frequency blocking effect. The phase angle
of sandy soil presents two peaks, indicating that the impedance spectrum contains two time-constants
caused by state variables, which may be related to the adsorption state of the ions in sandy soil with a
porous structure. The peak of phase angle for the sandy soil is lower than that of the pore fluid, which
shows the strong corrosivity of sandy soil containing Na;SO4 [37].

In the sand, SO4? with a large amount of charge is dispersed in the pore liquid around the sand
particles and exists in the form of a “liquid bridge”. Therefore, the equivalent circuit (2)
R(C(R(Q(RW)))))(CR) is used to fit the impedance spectrum of sandy soil containing Na>SOa, which
forms by connecting the composite circuit component ((RC), representing the outer sand layer) in
series with circuit (1) R(C(R(Q(RW))))). The results are shown in Table 6, and the fitting software
ZSimDemo03.30 is used. The fitting results of the high-frequency impedance spectrum of the pore fluid
by equivalent circuit (4) are shown in Table 7, and the fitting software Zview?2 is used.

The results show that with increasing Na.SO4 concentration, the solution resistance (Re) for the
sandy soil gradually decreases, and the charge transfer resistance (Rct) fluctuates slightly. The Re for
sandy soil is approximately twice that of the pore fluid, but the R is relatively small. This result is
consistent with the results of the Nyquist and Bode diagrams. In addition, the capacitance and
resistance of the sand layer fluctuate to a certain degree, and the fluctuation of the outer sand layer is
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large. From n, it is known that there is a deviation between the interface capacitance and the ideal
capacitance, and the Y, of the constant phase element for the sandy soil is on the order of 103, which

is larger than that for the pore fluid (10°).

Table 6. EIS fitting results of sandy soil containing different concentrations of Na>SO4

samples Re Ra(Q-c Qu Cs Rs W Ce Rs2
(Q-cm?) m2) Y, (S:s-cm?) n (F-cm?)  (Q:em?)  (S5°0.5:cm?)  (F-cm?) (Q-cm?)
0.3%-S 122.7 1.22E3 2.40E-3 052 1.2E-4 48.86 2.3E10 2.4E-2 443.8
1.0%-S 39.77 2.10E3 1.47E-3 048 2.3E-4  1.5E-3 1.5E5 2.2E-2 678.6
2.0%-S 31.37 5.31E3 2.02E-3 040 6.6E-5  5.4E-5 3.3E-2 9.5E-4 19.87
3.0%-S 18.29 1.06E3 3.49E-3 0.44  9.6E-5 1.433 1.3E5 4.2E-2 295.8
Table 7. EIS fitting results of different concentrations of Na2SO4 pore fluid
.em?2 0 Qua com? 0
Samples Re(Q-cm?) Error% Yo(Ss7-cm?) Error% 0 Error Ret(Q-cm?) Error%
0.3% 67.58 3.64 6.82E-5 4.80 0.74 1.29 2106 4.79
1.0% 24.93 5.34 6.76E-5 3.75 0.78 0.92 2038 4.34
2.0% 14.86 4.13 9.19E-5 3.27 0.77 0.76 1564 4.13
3.0% 11.43 3.15 11.79E-5 2.35 0.76 0.55 1468 3.47

3.4 Electrochemical characteristics of sandy soil containing NaHCO3

Figure 12 shows the Nyquist diagram of sandy soil and pore fluid containing NaHCOs. In the
environment with HCO3, which contributes to the formation of a passivation film on the steel surface,
the Nyquist patterns exhibit a flat capacitive loop. The radius of the capacitive loop for the sandy soil
is slightly smaller than that for the pore fluid, showing the large corrosivity of the sandy soil. Overall, a
change in NaHCO3z concentration has little effect on the corrosivity of the sandy soil and pore fluid,
and an NaHCO3 concentration of 0.3% corresponds to the largest impedance spectrum radius, which
may be related to the properties of the pore fluid.

Figures 13-14 show the Bode diagram of the sandy soil and pore fluid containing NaHCO3
(modulus and phase angle, respectively). The modulus of the sandy soil containing NaHCO3 and that
of pore fluid containing NaHCOs also cross between frequencies of 10°~10° Hz. Similarly, the sand
particles play a role in promoting the low-frequency process and hindering the high-frequency process,
and the low-frequency promotion is more significant than the high-frequency barrier. The peak of
phase angle for the sandy soil is lower than that of the pore fluid, which shows that sandy soil with
NaHCO3 is more corrosive than pore fluid [37]. The phase angles of sandy soil and pore fluid with
NaHCO3 both have two peaks (in particular for sandy soil), indicating that the impedance spectrum
contains two time-constants caused by state variables.
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Figure 12. Nyquist diagram of sandy soil and pore fluid containing NaHCO3

10° 10*
NaHCO, Rileler
——0.3% ——0.5%
10° ——0.3%-S 10° ——0.5%-S

10
10% 10" 10° 10' 10° 10° 10* 10° 10° 10% 10" 10° 10' 10° 10° 10* 10° 10°

10° Frequency (Hz) 10° Frequency (Hz)
NaHCO, NaHCO,
——1.0%
——1.5%
10° ——1.0%-S 10° e 15%5S
N N
10°

1
10% 10" 10° 10' 10° 10° 10° 10° 10° 10% 10" 10° 10' 10* 10° 10* 10° 10°
Frequency (Hz) Frequency (Hz)
Figure 13. Bode diagram (modulus value) of sandy soil and pore fluid containing NaHCOs3
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Figure 14. Bode diagram (phase angle) of sandy soil and pore fluid containing NaHCO3

Similarly, the equivalent circuit (1) R(C(R(Q(RW))))) is used to fit the impedance spectrum of
sandy soil containing NaHCOz3. The impedance spectra of different concentrations of NaHCOs pore
fluid are fitted by equivalent circuit (5) R(C(R(QR))) without diffusion impedance (W), as shown in
Table 3. Co and Ro in the equivalent circuit (5) for the pore fluid represent the capacitance and
resistance of the passivation film on the working electrode surface, respectively. The porous interface
in the sandy soil with NaHCO3 means a continuous passivation film cannot be formed on the surface
of the working electrode. Cs and Rs in the equivalent circuit (1) for the sandy soil represent the
resistance and capacitance of the sand layer near the working electrode, respectively. The fitting
software ZSimDemo03.30 is used, and the results are shown in Tables 8-9.

Table 8. EIS fitting results of sandy soil containing different concentrations of NaHCOs3

Qui W
Re Rct CS Rs P . -
Samples (Q-cm?)  (Q-cm?)  Yo(S-s-cm?) n (F-cm?)  (Q-cm?) (S 2)5 cm
0.3%-S 135.3 1516 4.59E-3 0.46 1.93E-9 138.8 1.12E11
0.5%-S 79.03 1071 5.04E-3 055 1.63E-4 23.42 2.81E5
1.0%-S 51.29 771.6 7.38E-3 0.55 1.89E-4 19.86 9.99E8

1.5%-S 37.44 912.5 7.73E-3 049 2.43E-4 21.91 3.74E6
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Table 9. EIS fitting results of different concentrations of NaHCOspore fluid

Re o2 Qu .cm- -cm?

Samples (Q-em?) Ret(Q-cm?) Yo(S-sM-cm?) 0 Co(F-cm™) Ro(Q-cm?)
0.3% 107.4 39.83 5.65E-4 0.42 1.875E-5 3434
0.5% 69.48 56.83 8.41E-4 0.47 2.897E-5 1571
1.0% 39.54 1.36E-3 6.87E-4 0.44 3.625E-5 1739
1.5% 26.94 1.58E-4 6.72E-4 0.43 3.486E-5 2073

The fitting results show that the solution resistance (Re) for the sandy soil decreases with
increasing of NaHCO3 concentration, and the charge transfer resistance (Rct) tends to be stable with
increasing concentration. The difference between the Re of the sandy soil and the pore fluid system is
small, but the difference between their Rt is significant. This result is consistent with the results of the
Nyquist and Bode diagrams. In addition, the capacitance and resistance of the sand layer fluctuate to a
certain degree, but the capacitance and resistance of the passivation film are relatively stable. It can be
seen from n that there is deviation between the interface capacitance and the ideal capacitance, and the
parameter Y, of the constant phase element for the sandy soil is on the order of 103, which is larger
than that (10 for the pore fluid.

3.5 Mechanism of pore fluid and sand particles

Under the disturbance of a small amplitude sinusoidal alternating wave signal, the
electrochemical reactions that may occur in sandy soil containing Na2SO4 include the copper electrode
oxidation process (anode, formula (1)) and oxygen reduction process (cathode, formula (2)). In
addition, the free ions in the pore fluid move in the vicinity of the sand-electrode interface to form an
electrical double layer (Figure 2).

Cu— Cu?* + 2e” (D
0, + 2H,0 + 4e~ — 40H" (2)

In neutral-sandy soil containing NaCl, a dense CuCl crystal covering layer can be formed on
the noninert electrode copper [38, 39]:

Cu+ Cl™ — CuCl,, 3)
CuCl,,;. — CuCl,z. + e (4

As the CI” concentration increases, the dissolution of copper is more likely to occur.

In sandy soil with NaHCOs3, there are Cu(OH)2 and CuOH formed on the anode, which then are
decomposed into CuO and Cu20 layer, and CuO is the main product [40-42]. The electrochemical
process is weakened when a dense oxide layer is formed.

Cu+ 2H,0 = Cu(OH), + 2H* + 2e~ (5)
Cu+ H,0 = CuOH + H* + e~ (6)
Cu(OH),(aq) - CuO(s) + H,0 (7

2Cu0H (s) — Cu,0(s) + H,0 (8)
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In general, sandy soils containing and NaHCOs are less corrosive and has a certain protective
effect on copper electrodes. While the sandy soils containing NaCl and Na SO4 are more corrosive,
and the environment containing NacCl is the most corrosive.

As shown in Figure 15, the electrochemical reaction area of the working electrode (copper)
under the droplet can be divided into the "TPB (three-phase boundary) region” and "bulk region" (the
centre of the droplet) [43, 44]. The electrolyte layer of the ring-shaped "TPB region" is smaller than
100 um, and the electrolyte layer in the "bulk region" is greater than 100 um thick. Here, the "TPB
region™ acts as the cathode, and the "bulk region” is the anode.

bulk
region

momo

o 20 30 100 & /um

Figure 15. Geometry of electrolyte droplets adsorbed on a flat electrode

The sand particles facilitate low-frequency processes and hinder high-frequency processes. In
the high frequency region, the three conductive paths in the sand are mostly in the conducting state, the
corresponding electrochemical process is hindered by the sand particles, and the corresponding
modulus is large. In the low frequency region, the liquid phase conductive path plays a dominant role
in the sandy soil, while the sand particles have a dispersion effect on the pore fluid, so the
corresponding modulus value for the sand system is small [35].

Compared to pore fluid, the sandy soil system has a small peak, and the peak appears in a
higher frequency domain. At frequencies of 10°~10% Hz, the peak of phase angle for sandy soil
containing NaCl, Na,SO4 or NaHCO:s is greatly affected by a change in the concentration of sodium
salt, which may be caused by the porous structure consisting of the sand particles and the state of the
"liquid bridge"[45] surrounding the sand particles related to the conductive path in the system.

Overall, the corrosivity of sandy soil is stronger than that of pore fluid. The sufficient oxygen in
the sand system with solid, liquid and gas three-phase structures promote the electrochemical process.
In addition, the adsorption of sand particles with water and ions forms a large number of micro
capacitors and current path networks, which also promotes the electrochemical process [29, 36].
However, the passivation of the electrode surface prevents the electrochemical process from
proceeding [32]. In the alkaline environment, a partial active area of the sand-electrode interface is
covered by the oxidation product, and the area not covered by the oxidation product is dissolved as the
anode. This process is more likely to occur in the sand systems containing high-concentration
NaHCOs3, and thus, the radius of resistance and modulus are small.
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4. CONCLUSIONS

In this work, EIS tests and comprehensive analysises were carried out for sandy soil and pore
fluids containing various soluble sodium salts (NaCl, Na,SO4 or NaHCO3). The effect of pore fluid
and sand particles on the electrochemical characteristics of sandy soil containing soluble sodium salt
was explored. The results are as follows:

(1) An electrochemical microbattery is formed in the interface region of the pore fluid and the
working electrode. The basic equivalent circuit of the sandy soil system is circuit (1)
R(C(R(Q(RW))))). The equivalent circuits of the sandy soil containing NaCl, Na,SO4 and NaHCO3 are
slightly different, changing with the discrepancy in the properties and concentration of soluble sodium
salt.

(2) The electrochemical impedance spectra of the sandy soil containing NaCl, Na SO4 and
NaHCO3 possesses their own characteristics. The Nyquist diagram of sandy soil containing NaCl is
composed of a capacitive loop and diffusion impedance (the nearly 45° oblique line) and that of sandy
soil with Na>SO4 and NaHCOz is a flat capacitive loop.

(3) A change in sodium salt concentration has the greatest effect on the electrochemical
behaviour of the environment containing NaCl, which is related to properties of anions. At frequencies
of 10°~10% Hz, the peak of phase angle for the sandy soil containing NaCl, Na;SO4 or NaHCOs is
greatly affected by the concentration, which may be caused by the porous structure and the state of the
"liquid bridge".

(4) Compared with the pore fluid system, the radius of the capacitive loop and the peak of
phase angle for the sandy soil is small, showing the high corrosivity of the sandy soil. The phase
angles of the sandy soil with Na.SO4 or NaHCO3z and the NaHCO3 pore fluid show two peaks, which
may be related to the adsorption state of the ions in the porous structure of the sandy soil and the
passivation of the electrode surface.

(5) The sand particles facilitate low-frequency processes and hinder high-frequency processes.
In the high frequency region, the three conductive paths in the sandy soil are mostly in the conducting
state, and the corresponding modulus is large. In the low frequency region, the liquid phase conductive
path plays a dominant role in the sandy soil, so the corresponding modulus value for the sand system is
small.
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