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SUMMARY

The electrical property of micrometre-sized graphite particles was investigated under different
particle concentration, particle size, fluid conductivity and pH conditions. Due to its large in-
ternal electronic conductivity and ability to polarize under external potential field, significant
enhancement of its spectral induced polarization (SIP) responses is observed when graphite is
included in sand mixtures. While a small amount of graphite inclusion significantly increases
the SIP response of its mixtures with sand, further concentration increase does not necessarily
lead to a proportional increase of the SIP response. This is shown to be related to the formation
of graphite aggregates at higher concentrations. Changes of fluid salinity have a significant
effect on graphite’s SIP behaviour. This includes a positive impact on normalized chargeabil-
ity and imaginary conductivity, but a negative impact on chargeability and relaxation time
constant. The effect of pH on the SIP response of graphite is small but shows consistent trend,
where pH increase leads to a decrease of both the chargeability and relaxation time constant.

The underlying cause of this effect is not clear.

Key words: Electrical properties.

INTRODUCTION

Graphite is a crystalline allotrope of carbon and an abundant Earth
mineral often found in metamorphic and igneous rocks. Because of
its unique thermal, electrical and mechanical properties, graphite
has found many uses in a variety of industries, including electronics,
refractories, steelmaking, batteries as well as in lubrication and
many other applications. Constructed as many layers of 2-D sheets
of honeycomb arranged carbon atoms (known as graphene), bonded
by van der Waals forces, the electrical behaviour of graphite is
fundamental for its many applications.

Because of its layered, planar structure, the major properties of
graphite are anisotropic, which include its electrical conductivity in
both single and polycrystalline forms (Krishnan & Ganguli 1939;
Pedraza & Klemens 1993). The degree of anisotropy varies in nat-
ural polycrystalline graphite depending on the directionality of the
arrangements of the many small crystals. While the intrinsic electri-
cal properties of graphite have been investigated for many decades,
studies on its electrical behaviour for resource exploration in the
geology and environmental context have been very limited (Klein
& Shuey 1978). In such systems, graphite often exists in compos-
ite with other minerals under saturated or unsaturated electrolytic
conditions.

A very limited volume of research has studied the electrical
behaviour of graphite in electrolytic solutions. This includes its
complex conductivity or spectral induced polarization (SIP) signals
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(Kinchin 1953; Klein & Shuey 1978; Gurin et al. 2015; Revil et al.
2017). Early studies on the electrical properties of graphite in com-
posites have been carried out mostly from the mineral exploration
perspective. These studies compared the responses of graphite with
other conducting and semi-conducting materials, such as metal sul-
phides, in both the linear and nonlinear impedance ranges. For
instance, Klein & Shuey (1978) studied the nonlinear mineral—
electrolyte interfacial impedance behaviour of graphite, together
with Galena (PbS) and Chalcopyrite (CuFeS,) using classic electro-
chemical approaches. They concluded that the nonlinear impedance
at the mineral—electrolyte interface is related to the electrochemical
reactions that transfer charges across the interface, that is, redox
reactions, and such a behaviour is diagnostic of mineral compo-
sition. Because the energy barrier of graphite reactions is higher
than those of sulphide minerals, graphite does not react when co-
exiting with other sulphide minerals. This suggests possible dis-
crimination of ore types based on their impedance behaviour at
the nonlinear range. Recent studies on the electrical behaviour of
graphite in saturated porous media, for example, as sand mixture,
have yield inconsistent results. For example, Revil ef al. (2017) sug-
gested that graphite, and other conductive particles, demonstrates
a polarization behaviour similar to semi-conductors, such as pyrite
and magnetite. The model they developed for semi-conductors sug-
gests that the chargeability of such materials only depends on their
volumetric content, independent of the pore water properties (Re-
vil et al. 2015). Gurin et al. (2015) suggested a linear correlation
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between pore water salinity and normalized chargeability, and they
also suggested the impact of particle size on the chargeability (or
polarization) magnitude. It is worth noting that graphite is always
studied together with other minerals, and the number of data points
has been very sparse. We also note the differences between the
graphite particles used in these studies, for example, large cubes
versus porous chunks, which may contribute to the different results
and interpretations. Nevertheless, there is limited knowledge and
consensus on the impacts of pore fluid chemistry, such as salinity
and pH, on the electrical behaviour of graphite.

While literature disagrees on the impacts of pore fluid chemistry
on the chargeability, or polarization magnitude, of conductive par-
ticles, including graphite, it tends to agree on the impact of particle
size and pore water salinity on the relaxation time constant. An
increasing relaxation time constant is generally associated with an
increase in particle size or decrease in pore fluid salinity. This is
consistent with the polarization behaviour of non-conducting mate-
rials, such as oxides and phyllosilicates, and is related to changes of
the electrical double layer (EDL) properties, such as its thickness,
charge density and mobility (Vinegar & Waxman 1984; Lesmes &
Frye 2001; Revil & Skold 2011; Revil 2012).

CONCEPTUAL MODEL FOR
CONDUCTOR POLARIZATION

Unlike non-conductive minerals with immobile internal charges, the
internal charge polarization in electronically conducting materials
plays the dominant role in controlling their polarization behaviours.
This often results in a much large polarization magnitude with phase
shift higher than 100 mrad (Slater et al. 2005), which is rarely
observed in non-conductive minerals found in nature. As the only
non-metallic electronic conductor, graphite is expected to have large
polarization responses as have been observed in existing research
(Klein & Shuey 1978; Gurin et al. 2015; Revil et al. 2015).

The underlying polarization process of conductors are described
by a few existing conceptual models at the microscopic scale (Revil
et al. 2015; Misra et al. 2016; Bucker et al. 2018). While these
models provide valuable insights, they deviate on the key aspects of
the underlying processes. These studies generally suggest an inter-
nal polarization of the metallic conductors due to the migration of
negatively charged electrons and positively charged ‘holes’ in the
opposite direction in responding to the external potential field. Such
a process was suggested as ‘instantaneous’ by Bucker ez al. (2018),
but as ‘ion-like’ by Revil et al. (2015). In response to this internal
charge polarization, ionic charges of opposite signs in the pore fluid
migrate and accumulate on the opposite sides of the particles, that
is, the polarization process. Because the internal charge polariza-
tion was considered instantaneous, Bucker ef al. (2018) suggest that
the relaxation time constant is controlled by the timescale of the ion
migration in the pore fluids. On the contrary, the ion-like charge mi-
gration behaviour inside the conductive particles proposed by Revil
et al. (2015) suggests a much stronger impact of the initial charge
behaviour on the polarization process in terms of its magnitude and
time constant.

MECHANISTIC AND EMPIRICAL
MODELS

Both mechanistic and empirical models describe the SIP behaviours
of electronic conductor particles with or without redox reactions.
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The classic Wong model describes the induced polarization be-
haviours of disseminated, spherical sulphide particles under the as-
sumption of minimal interparticle interactions (Wong 1979). While
such a model includes detailed formulation of the charge migration
processes at mineral—electrolyte interfaces, including redox reac-
tions, its adaptation by the community has been limited due to its
complexity. The Wong model was recently re-examined and ex-
tended by Bucker et al. (2018). Bucker et al. (2018) provide a full
analytical solution of the Poisson—Nernst—Planck equations to de-
scribe the polarization processes around metallic particles. They
introduce a ‘volume diffusion’ polarization mechanism that is re-
lated to charge deficiency and surplus, due to redox reactions, that
occur across mineral—fluid interfaces. Simulation results based on
their model show a significant impact of redox process on the po-
larization behaviour of metallic particles.

Another set of mechanistic models was developed by Revil et al.
(2015). They emphasize the charge polarization processes internal
of the conductive particles due to the migration of n (—, electron)
and p (+, holes) charges under the influence of an external cur-
rent. To simplify the model, redox-related processes were excluded.
Revil et al. (2015) emphasize charge mobility within the metal-
lic particles and treat these charges as having similar polarization
behaviours to ionic charges in the electrolytes. Revil et al. (2015)
predict certain SIP behaviours that are not consistently supported
by experimental results. For example, Revil et al. (2015) predict
a simple linear relationship between the chargeability and the vol-
ume content of metallic particles, regardless of the particle sizes or
pore fluid salinity. This has not consistently observed by others, for
example, those presented by Gurin et al. (2015).

In addition to the mechanistic models described above, both
semi-empirical and empirical models are used to describe the SIP
behaviour of conductive particles. Such models are not aimed at
describing the microscopic physicochemical processes driving the
polarization response, but rather focus on deriving a set of global
petrophysical parameters, such as chargeability and relaxation time
constant, that relate to the characteristics of the minerals under
study. Cole—Cole and Debye decomposition models are among the
most frequently used (Cole & Cole 1941; Marshall & Madden 1959;
Gurin et al. 2013; Ustra et al. 2016). Cole—Cole type of models are
simple to use to describe SIP responses with characteristic peak fre-
quencies and are widely used to study the SIP behaviour of metallic
particles (Pelton et al. 1978; Slater et al. 2005; Revil et al. 2018).
As empirical models, they can be widely applied to many experi-
mental conditions that are challenging for the mechanistic models
described above, for example, complex particle sizes, shapes, geo-
metric arrangement as well as pore fluid geochemical conditions.

As discussed above, limited studies on the electrical properties of
graphite have led to inconsistent conclusions regarding the effects
of pore fluid chemistry, particle size and concentrations. In this
study, we conducted a series of laboratory experiments with varying
graphite particle sizes, concentrations, pore fluid salinity and pH
with the goal to provide a systematic understanding of the SIP
behaviour of graphite under these variable conditions.

MATERIALS AND METHODS

Column setup

The experiments were conducted in column apparatus constructed
with schedule 40 PVC with an internal diameter (ID) of 5 cm and a
length of 40 cm. Silver/silver chloride (Ag/AgCl) electrodes were
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Effluent

C3 150um graphite

Pump O

C2 45um graphite

C1 Pure sand

+

] X
A Ag/AgCl
Influent
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Figure 1. Schematic of the column setup for the experiments indicating the
three different channels with C1: Sand only; C2: 45 pum graphite particles
mixed with sand; C3: 150 pum graphite particles mixed with sand. The
electrodes are made with Ag wire coated with AgCl.

installed along the length of the column for current stimulation and
SIP measurements (Fig. 1). To ensure identical geochemical condi-
tions for better comparisons between different graphite containing
mixtures and baseline sand material, three separate sections of ma-
terials were consequently packed into the same column under each
pore fluid treatment scenario (Fig. 1). These three different sections,
called channels hereafter, were made of pure Ottawa sand (channel
1, C1), 45 um average-sized graphite mixed with sand (channel 2,
C2)and 150 pwm average-sized graphite mixed with sand (channel 3,
C3; Fig. 1). A 1”7 sand section was packed between the two graphite
channels, C2 and C3, to minimize interferences. The materials were
dry packed into the column and flushed with CO, gas overnight to
remove air before fluid saturation. The column was vertically posi-
tioned and the saturating fluids were injected from the bottom. The
saturation was carried out in a looped configuration where effluent
from the top of the column was returned into the influent reservoir,
mixed and re-circulated back into the column. This configuration
allows the establishment of a steady-state condition within the col-
umn across the different channels. The conductivity of the reservoir
fluid was monitored periodically, and the measurements of the SIP
responses were only carried out after stabilization of both the bulk
conductivity of the column and fluid conductivity in the reservoir.
This process typically took less than 24 hr under a flow rate of ~1
pore volume per hour.

The saturating fluids used in the experiments were (1) sodium
chloride (NaCl) solutions at different molar concentrations (10, 20,
40, 80 and 160 mM) under constant pH (7 = 1) and (2) NaCl solu-
tions with constant molar concentration (160 mM, fluid conductiv-
ity = 17 £ 0.5 mS cm™") under different pH conditions (2.73, 3.85,
5.33,7.55,9.26,9.79 and 10.83). The experiments were conducted
by systematically varying graphite concentration, particle size and
pore fluid chemistry. As shown in Table 1, experimental sets 1-3
represent graphite concentrations at 5, 10 and 15 per cent for C2
(45 pm) and C3 (150 wm). The sand only channel (C1) serves as
the baseline comparisons. Each set of the experiments went through
the sequence of doubling NaCl fluid molar concentrations from 10
to 160 mM. At the end of the experiment set #1 with 5 per cent
graphite, the pH experiments were conducted with pH varied from
2.73 to 10.83 as listed in Table 1.

The graphite materials used in the experiments were micrometre
(um) sized, planar graphite particles acquired from Sigma Aldrich.
The materials were characterized by scanning electron microscope
(SEM) and BET (Brunauer—Emmett—Teller) surface area measure-
ments. Two example SEM images of the graphite/sand mixture (5
per cent) are shown in Fig. 2. SEM images suggest a geometric
arrangement of graphite particles as a combination of surface at-
tached smaller particles and intergrain filling of larger particles.
Based on BET measurements, the specific surface area for the 45
wum graphite is 1.55 m? g!, and for the 150 um graphite is 2.68
m? g'!'. The surprisingly higher specific surface area of the 150 um
graphite suggests that there might be a larger fraction of fine parti-
cles in the 150 pwm graphite. This is reflected in the SIP data, which
will be discussed later.

SIP data acquisition

The SIP data sets were collected with a data acquisition system based
on a National Instrument signal analyser (NI 4461) in the frequency
range from 0.1 to 10 K Hz. Sinusoidal waveforms were used as the
excitation current source with a peak-to-peak magnitude at 2 V. This
input electrical signal swipes through the frequency range at a rate
of 10 measurements per decade that are evenly distributed on the
logarithmic scale. The output of the data acquisition system includes
a resistance magnitude and a phase shift (against the excitation
signal). The accuracy of the resistance measurements is within 1 per
cent, and for the phase shift measurements, within 1 milliradians
(mrad) up to 1000 Hz, and 10 mrad up to 10 000 Hz based on tests
conducted on the same columns filled only with electrolytes. The
complex electrical, or SIP, data can be present in forms of complex
resistivity (o), conductivity (o) or dielectric permittivity (¢x). In
terms of conductivity, its real (¢ ’) and imaginary (¢ ') components
can be calculated based on a conductivity magnitude (|o|) and
a phase shift (¢) term that are outputs from the data acquisition
system using the following equations:

o' = o] cos(¢) Q)

o" = o] sin(¢). )

While the real component of the electrical signal measures the
ability of the material to conduct (or impede) flow of electrical
charges, the imaginary component is linked to the charge polariza-
tion that predominantly occurs at the mineral—electrolyte interface at
low frequencies. Porosity, permeability, mineralogy, pore fluid satu-
ration, salinity and temperature are among the factors affecting the
magnitude of both the real and imaginary electrical signals. While
electrical charge conduction occurs primarily through both inter-
connected pore spaces and the mineral surface, the low-frequency
polarization signal is primarily an electrochemical phenomena oc-
curring in the EDL at the mineral—electrolyte interface (Wong
1979; Merriam 2007; Placencia-Goémez & Slater 2014). For elec-
tronically conductive materials, such as graphite and metals, addi-
tional charge conduction and polarization at the mineral—electrolyte
interface occurs via the polarization of internal charges of the con-
ductors as discussed above.

The SIP data sets acquired from these experiments mostly exhibit
classic Cole—Cole type of shape with characteristic peak polariza-
tion frequencies, and are therefore modelled empirically with the
Cole—Cole model (Cole & Cole 1941). The Cole—Cole model has
been used in different forms (Tarasov & Titov 2013), and one of
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Table 1. A summary of the different sets of experiments under variable graphite concentration, size, pore fluid salinity

and pH conditions.

Experimental Set ~ Channels Matrix composition

Pore fluid tests (mM) pH tests

1 Sand

5% 45 pum graphite

5% 150 pum graphite
Sand

10% 45 pm graphite

10% 150 pm graphite
Sand

15% 45 pm graphite

15% 150 pm graphite

W= W= W=

10, 20, 40, 80, 160 2.73,3.85,5.33,7.55,9.26,

9.79, 10.83

10, 20, 40, 80, 160 Not tested with variable pH

10, 20, 40, 80, 160

graphite

3pm EHT =10.00 kV
WD = 9.0mm

Signal A = SE1
Photo No. = 960

Date :8 Feb 2017

Time :11:38:27 ﬁ

hite —77

EHT =10.00 kV
WD = 9.0mm

Signal A = SE1
Photo No. = 971

Date :8 Feb 2017
Time :12:29:04

Figure 2. Example SEM images of the platelet graphite particles mixed with silica sand.

them in terms of the complex conductivity (o *) is derived by Pelton
et al. (1978) and is shown as

. (iw7)
7z [1 A (1 + ey (l —m))]’ @)

where o is the conductivity at DC frequency, w is the angular
frequency, 7 is the mean relaxation time, ¢ is a shape exponent
(typically 0.1-0.6) and m is the chargeability, an indicator of the po-
larization magnitude. When experimental results display relaxation
spectrums that do not fit one-term Cole—Cole model, for example,
showing double peaks, multiple Cole-Cole terms can be applied to
fit the data. As will be discussed later, we used a two-term addi-
tive Cole—Cole model for some results from our experiments that
displace double peak characteristics.

RESULTS

Baseline comparison with pure sand

As evident from Fig. 3, inclusion of graphite particles significantly
increased the SIP signal of silica sand mixtures, particularly the
phase responses. While the phase response from pure silica sand
is negligible, 5 per cent graphite addition is able to increase the
overall phase response at peak frequencies to ~100 mrad (Fig. 3a).
Note that the phase response for the 150 um graphite column at
peak frequencies is higher than that of the 45 um graphite. As the
specific surface area is a major factor affecting phase responses, this
is in agreement with the higher surface area of the 150 ;«m graphite
measured by BET, suggesting a higher fraction of fine particles in
this material. It is worth noting the higher real conductivity signal
for the 45 pum graphite at low frequencies (Fig. 3b). This does not
occur for the 150 pm graphite.

Graphite concentration effects

As the concentration of graphite particles increases, a drastic change
of the SIP behaviours is observed. This includes a deviation between
C2 and C3, the two channels with two different particle sizes (45 and
150 pum; Fig. 4). The data shown in Fig. 4 are for the experiments
with 10 mM NaCl at pH 7 £ 1, but similar responses are observed
under other salinity conditions. For C2 with 45 um graphite, a sig-
nificant decrease of the high-frequency (>100 Hz) phase response
is observed when its concentration increases to 10 per cent. Further
decrease is observed at 15 per cent (Fig. 4a). While high-frequency
phase response decreases, concurrent increase at low frequency, for
example, at 0.1 Hz, is evident. The lower frequency phase response
seemingly peaks at frequencies < 0.1 Hz that were not captured
in the frequency range applied. The real conductivity signals from
45 um graphite showed a large increase by more than 100 per cent
when graphite concentration increased from 5 per cent to 10 per
cent. Further concentration increase to 15 per cent led to additional,
but smaller, increase in real conductivity.

The 150 pum graphite displays a different behaviour, and the
changes of both the phase and conductivity with concentration are
more gradual. Specifically, a small increase of both the phase and
conductivity is observed when the graphite concentration increases
from 5 per cent to 10 per cent. A clear shift of the high-frequency
phase peak from ~ 200 Hz to < 100 Hz is also evident. An emerging
upward increase of the phase response at > 1000 Hz is also observed.
Further increase to 15 per cent graphite results in a general decrease
of the higher frequency phase response with a concurrent increase
at the lower frequency. This is similar to the observation from the 45
um graphite measurements. Increase of graphite concentration from
10 per cent to 15 per cent brought a large increase of conductivity
by > 50 per cent comparing to the previous increase from 5 per cent
to 10 per cent.
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Figure 3. The effects of graphite inclusion on the SIP signals (a—phase shift; b—real conductivity) of Ottawa sand with 5 per cent of 45 and 150 pum particles.

The saturating fluid is 10 mM NaCl solution at pH ~ 6.8.
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Figure 4. The effects of graphite concentration on the SIP response for both phase response (a and ¢) and real conductivity (b and d). Increasing concentrations
with 5, 10 and 15 per cent of graphite are shown for both the phase response and real conductivity.

Fluid salinity and pH effects

The significant impact of salinity/solute concentration on the SIP
responses of graphite is clearly observed in our experiment (Fig. 5).
In general, increasing salinity results in a consistent shift of phase
peaks to higher frequencies, yet its impact on the magnitude of
the phase response is inconsistent. The 150 pum graphite data sets
displayed a consistent decrease of the polarization magnitude with
increasing salinity (Figs 5d—f), this is not the case in the 45 um
graphite measurements. In particular, there seems to be a mere shift
of the spectrum to the higher frequency without much magnitude
change for the 5 per cent case, but a decrease of the lower frequency
(<1 Hz) phase magnitude and at the same time an increase of the
high-frequency peak magnitude for the 10 and 15 per cent cases. As
later evidence suggests, only the 5 per cent 150 um graphite case

can be treated as a well dispersed case, while other experiments
have a variable degree of particle interconnection. These will be
discussed in the contexts of other data sets later.

Unlike the phase response, the imaginary conductivity shows a
consist increase with increasing fluid conductivity (Fig. 6). This is
observed for all six different cases. However, despite the general
consistency in terms of salinity effects on imaginary conductivity,
there is still a different behaviour between the 45 and 150 um
graphite cases with increasing graphite concentration. In general,
the magnitude of the imaginary conductivity is smaller in the 45 um
than the 150 um graphite cases. Additionally, the 45 um graphite
cases show arelatively small change of the high-frequency response,
but a significant increase of the low-frequency signals (Figs 6a—c).
This is especially true at 15 per cent concentration. On the other
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Figure 5. The effects of fluid salinity on the phase responses of graphite particles at 5, 10 and 15 per cent concentrations.
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Figure 6. Changes of imaginary conductivity during the salinity tests for the different set of experiments with variable graphite concentration and size.

hand, the 150 pm graphite case showed a large increase of the high-
frequency signals with increasing graphite concentration, with an
observable, yet small increase, at low frequencies (Figs 7d—f).

The effects of pH on the polarization response of graphite are
small, but consistent (Fig. 7). A small conductivity fluctuation (<5
per cent) is present across the different pH conditions (Figs 7b and
e). However, this variation of fluid conductivity does not show a
consistent pattern within pH changes. Despite the fluid conduc-
tivity fluctuation, a consistent decrease of the phase response and
imaginary conductivity is observed with increasing pH (Figs 7a,
¢, d, f). This is also consistent for the two different sized particles
tested in these experiments.

Cole—Cole model results

Fitting of the experimental data with Cole—Cole model is fairly
straightforward and some examples of the model fitting results are
shown in Fig. 8. Note that either one or two Cole—Cole terms are

used to fit the results depending on the characteristics of the data.
For instance, the data sets for 5 per cent 150 um graphite display
a singular characteristic peak and are therefore modelled with only
one Cole—Cole term (Fig. 8a). On the contrary, those data sets with
binary characteristic are fitted with two Cole—Cole terms as shown
in Fig. 8(b) for 10 per cent 45 pum graphite measurements. Note
that we did not capture the low-frequency peaks for those data sets
with binary characteristics. The Cole—Cole modelling of these data
sets is likely less accurate.

The effects of fluid conductivity and pH on Cole—Cole model
derived polarization magnitude (m) and relaxation time constant
() are explored (Fig. 9). Trend lines of the data sets are shown to
better illustrate the trends. It is apparent from Fig. 9 that changes
of fluid conductivity have a consistent impact on both the polar-
ization magnitude and time constant across the different graphite
particle sizes and concentrations studied. Note that m represents the
polarization term with peak frequencies at > 100 Hz for those data
set displaying a single peak, but the lower frequency peak when
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Figure 7. The effects of pH on phase response, real and imaginary conductivity for both 45 and 150 pm particle sizes at 5 per cent concentration.
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Figure 8. Examples of the Cole—Cole model fitting of the data sets. The points represent data and the lines are the modelling fits. Two additive Cole—Cole

terms are used for the model simulation.

two peak frequencies co-existed. Fig. 9 shows that the lowest con-
centration (5 per cent) of the 150 um graphite displays the largest
polarization response at > 100 Hz. Fig. 9 also shows that changes
of fluid pH have a consistent impact on both the polarization magni-
tude and the relaxation time constant, displaying a decreasing trend
with increasing pH for both particle sizes.

Literature on non-conducting oxide or phyllosilicate minerals has
suggested a normalization procedure for the chargeability term, m,
to eliminate the effect of changing fluid conductivity on chargeabil-
ity (Slater & Lesmes 2002) to facilitate data comparison. This is
typically carried out by dividing m by bulk resistivity, or multiply-
ing by conductivity. While the underlying physics of this treatment,
particularly its applicability to conductors, is not clear, we con-
ducted such a transformation for better comparison with literature.
As can be seen from Fig. 10, the normalized chargeability (m,) dis-
places a reversed behaviour with changing fluid conductivity when
compared with chargeability (m), that is, an increase with increasing
fluid conductivity instead of decrease. Again, the 5 per cent 150 um
graphite still shows the largest values across all fluid conductivities.

DISCUSSION

Large effect of graphite on SIP

The experimental results clearly indicate the large effect of graphite
inclusion on the SIP behaviour of a porous media (silica sand
in this case) as shown in Fig. 2. The phase responses at peak
frequency with 5 per cent graphite are close to, or higher than, 100
mrad, far exceeding those observed for zero valent iron, which is
well known for its large polarization responses (Slater et al. 2005).
Such a large response is due to the high electronic conductivity
of graphite and, maybe more importantly, the lack of oxides on
its surface due to its extreme stability and non-reactivity. Most
metallic minerals engage in some level of redox reactions when
in contact with water resulting in the formation of an oxide layer
on the surface that could dampen the polarization response of the
materials. This is not the case for graphite. Another reason for the
high polarization magnitude in our study is related to the small
sizes and the platelet shape of the graphite particles that result in
a large amount of polarizable surface area.
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Figure 9. The effects of fluid conductivity and pH on the polarization magnitude, m, and relaxation time constant, 7, based on Cole—Cole models for the

different sets of experiments. A linear trend line is shown for each data set.
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Figure 10. The effects of fluid conductivity on the normalized polarization
magnitude, my, for the different sets of experiments. A linear trend line is
shown for each data set.

Fluid conductivity and pH effects

The effects of pore fluid salinity on the polarization behaviour of
graphite particles show deviations from literature. For instance, Re-
vil et al. (2018) concludes that fluid conductivity, or salinity, has no
effects on chargeability of conductive particles including graphite,
yet our results suggest a strong effect. Specifically, an increasing
fluid conductivity leads to a systematic increase of the normalized
chargeability as shown in Fig. 10. However, the effect of fluid con-
ductivity on phase response and un-normalized chargeability shows
a decreasing trend in general, particularly for the well dispersed
case with 5 per cent 150 wm graphite. With the normalized charge-
ability, our results seem to be consistent with those observed by
Gurin et al. (2015) where they also observed an increase of nor-
malized chargeability with increasing fluid conductivity based on
synthesis of data from a variety of conducting or semi-conducting
minerals.

While there is disagreement in terms of the correlations between
chargeability, or normalized chargeability, and fluid salinity, the
changes of imaginary conductivity and relaxation time with fluid
salinity are largely consistent with previous research (Gurin et al.
2015). Specifically, an increasing imaginary conductivity and de-
creasing relaxation time constant are observed with increasing fluid
salinity. The polarization of conductive particles initiates from the
pore fluids and subsequently extends to the conductive particles.
Therefore, the charge properties of the ions in the pore fluid, for

example, charge density, mobility, are important for the electri-
cal behaviour of the material. As a result, the magnitude, charge
density, and the relaxation behaviour of charges on graphite sur-
face are likely strongly impacted by the properties of the ions in
the pore fluids. An increase in fluid salinity leads to a more com-
pact EDL structure with a smaller Debye length, and subsequently
a shift in both the polarization magnitude and relaxation time
constant.

The effects of pH on both the chargeability and relaxation time
constant show consistent trends with both types of particle sizes.
Because the fluid conductivity is kept constant during the pH vari-
ation experiments, the possibility of fluid conductivity variation as
the underlying cause of the observed polarization behaviours can
be excluded. Previous experimental and modelling studies on non-
conductive media, such as sandstones, suggest that pH effect on
SIP is only secondary (Lesmes & Frye 2001; Skold et al. 2011;
Peruzzo et al. 2018) and is primarily realized through its impact
on charge density in the EDL. In the case of graphite, because
there is limited understanding of the EDL properties of graphite,
such an effect is difficult to evaluate. Because the electrical charge
structure on graphite surface is primarily induced by external ex-
citation, we suggest there is no preferential selection of the ion
species to accumulate on the graphite surface during the polariza-
tion processes. Based on a rough calculation the Na*: H* ratio, and
Cl7: OH™ ratio, is mostly > 1000:1 during the experiment. This
suggests that Na* and C1~ ions should have the dominant control
on the polarization process, and those directly from H™ and OH~
are negligible. However, the changes of the polarization magnitude
m by ~20 per cent (Fig. 9b) with pH increase from ~ 2 to 11
suggest a larger effect disproportional to the negligible contribu-
tions of the HT and OH™ to the overall charged ions in the pore
fluid. As a result, we postulate that the effect of changing pH on
the induced polarization signature is likely through their impacts
on Na* and CI~ ions, such as their ionic mobility. The consistency
between the two separate data set suggest the small, yet consistent,
pH effect on the SIP response of graphite is likely realistic, al-
though it underlying mechanism is not clear. Further investigation is
needed.
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Figure 11. The effect of graphite concentrations on the bulk conductivity
of the mixture at 10 mM NaCl pore fluid concentration.

Particle interconnection at higher concentrations

As can be noted from the spectral data (Fig. 4), increase the con-
centration of graphite particles in the mixture does not lead to a
significant increase of the phase response at high frequencies. The
change is rather small or even reversed. This is particularly evident
in the case of 45 um graphite particle mixtures at 10 per cent and 15
per cent concentrations (Fig. 4a). While high-frequency responses
do not increase much or decreases significantly, the emergence of a
low-frequency peak is observed in both cases with the two differ-
ent particle sizes. This is, again, more evident in the case of 45um
graphite particles (Fig. 4a). Additional evidences based on bulk con-
ductivity data sets suggest that this is primarily due to the effects
of particle interconnection or aggregation at 10 per cent and 15 per
cent particle concentrations that increased the effective particle size
and reduced the polarizable surface area of discrete fine particles.
Fig. 12 shows that the bulk conductivity of the mixtures with 10 per
cent and 15 per cent graphite is significantly higher than the pure
sand at low frequency (1 Hz) under the same pore fluid (10 mM).
Such an increase of the bulk conductivity is due to the formation
of continuous, low resistance electronic pathways through the in-
terconnected graphite particles that effectively increase the overall
conductivity of the system. Such an effect has been observed in
metallic particles, such as zero valent iron at similar concentrations
(Slater er al. 2005). Fig. 11 also shows that even at only 5 per
cent of graphite content, the bulk conductivity of the mixture is
elevated for the 45 um particles, which is an evidence of particle
interconnection. This is not the case for the 150 wm graphite at 5
per cent concentration as its bulk conductivity is identical to that
of the pure sand. This suggests a well dispersed graphite particle
distribution in the sand matrix with little effect on bulk conductiv-
ity. As showed before, BET measurements indicate that the specific
surface area of the 45 um graphite is smaller than the 150 um
graphite. This suggests the likely presence of a more significant
fraction of larger graphite particles in the 45 um graphite, which
may promote particle interconnection. It is also important to note
that graphite particles have the tendency to form aggregates with
further promotes particle interconnection, particularly when a large
amount of particles is present. An overall increase of the relaxation
time constant with increasing graphite concentration also supports
the interconnection between graphite particle at high concentrations
as shown in Fig. 12.

CONCLUSION

Graphite particles of different sizes and concentrations were studied
for their SIP responses under different fluid salinity and pH con-
ditions in this study. Significant enhancement of the SIP responses
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Figure 12. The correlation between graphite concentration and the relax-
ation time constant from the Cole—Cole model. The experimental results
from the fluid conductivity experiments with both sizes of graphite particles
are aggregated together in this plot.

is observed with graphite inclusion suggesting its large polariza-
tion responses when excited by an external electrical field. Our
results suggest that pore water salinity has a strong impact on the
phase and chargeability responses of graphite particles when the
individual grains are well dispersed. While smaller in magnitude,
the impact of pH on the magnitude of the phase and chargeability
are notable and show consistent trends. The impacts of pore fluid
salinity on the relaxation time constant agree with the existing lit-
erature. Such an impact is also observed when pH is systematically
changes although the magnitude is smaller. Our experiments also
suggest strong particle interconnection effects when higher con-
centrations of graphite are tested, for example, 10 and 15 per cent
by volume. Such interconnection/aggregation effectively enlarges
the polarizable particle size while reducing specific surface area
of small particles. This has a significant impact on the magnitude
and shape of the SIP spectrum with significant decrease of high-
frequency phase signals, and concurrent emerging of larger phase
responses at lower frequencies. These results suggest that while the
volumetric concentration of graphite has a significant impact on
its polarization signal, the geometrical arrangement of the particles
in a mineral composite as well as the pore fluid chemistry, such
as salinity and pH, are all major determining factors of graphite’s
polarization behaviour.
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