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A B S T R A C T   

Despite the broad range of interest and applications, controls on the surface charge of crude oil in aqueous 
solution remain poorly understood. The primary data source to understand the surface charge on crude oil 
comprises measurements of zeta potential on individual drops or emulsions obtained using the electrophoretic 
method (EPM). Here we (i) collate and review previous measurements of zeta potential on crude oil, (ii) compare 
and contrast the results, and (iii) report new measurements of zeta potential on crude oil wetting films and layers 
relevant to oil-saturated porous media, obtained using the streaming potential method (SPM). 

Results show that the zeta potential depends on electrolyte pH and the concentration of divalent ions Ca2+ and 
Mg2+. Lower pH and higher concentration of these divalent ions yields more positive zeta potential. The iso
electric point (IEP) in simple NaCl electrolytes lies in the pH range 3–5. The IEP in simple CaCl2 and MgCl2 
electrolytes can be expressed as pCa or pMg, respectively, and lies in the range 0–1. Close to the IEP, the zeta 
potential varies linearly with pH, pCa or pMg, suggesting simple Nernstian behaviour of the crude oil surface. 
The sensitivity of the zeta potential to pH, pCa and pMg decreases with increasing total ionic strength. The 
impact of pH, pCa and pMg on zeta potential varies significantly across different crude oils and differs from non- 
polar hydrocarbons. The potential for other multivalent ions to modify crude oil zeta potential has not been 
tested. Data for crude oil wetting films and layers, obtained using the SPM and strongly oil-wet porous substrates 
in which the solid surfaces are coated with the crude oil of interest, are comparable to those obtained using 
emulsions and the EPM, suggesting that the controls on zeta potential on crude oil are the same irrespective of 
whether the oil forms droplets or wetting layers. 

The literature data reviewed here, along with new measured data, provide important insight into the effect of 
pH, and the concentration of divalent ions, on the zeta potential of crude oil in aqueous solution. They 
demonstrate relationships between ion concentration and zeta potential that are observed irrespective of crude 
oil composition. They also show that the crude oil composition plays a role, yet no consistent trends are observed 
between zeta potential and commonly measured bulk oil properties, possibly because bulk properties do not 
reflect the concentrations of interfacially active species in crude oil that may impact the development of surface 
charge. Moreover, data are extremely scarce for complex, high ionic strength electrolytes or at elevated tem
perature. The data reviewed and reported here have broad relevance to many engineering and industrial ac
tivities involving crude oil.   

1. Introduction 

Crude oil is present in many surface and subsurface settings because 
of natural processes or human activity [8]. The term ‘crude oil’ describes 
fluids containing a wide range of organic species dissolved, or in sus
pension, in a wide range of organic solvents. Such species primarily 
comprise hydrocarbons, asphaltenes, resins, paraffins, sulfuric species 
and ash/residue [81]. The properties of the crude oil surface, and the 

interface between crude oil and aqueous solution, play an important role 
in many engineering and industrial activities involving crude oil, 
including the stability of oil-in-water emulsions during transportation, 
storage, and separation [45,93,96], the removal of crude oil during 
remediation of contaminated rocks and soils [56], recovery from sub
surface reservoirs [24,49,63,74], and storage of CO2 in these reservoirs 
[2,57]. 

The focus of this paper is the zeta potential of the crude oil interface 
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in aqueous solution. The crude oil may be in an emulsion, or in wetting 
layers or films on solid surfaces. The zeta potential is a key measure of 
the electrical potential at the interface, and the magnitude and polarity 
of the zeta potential control electrostatic interactions with other charged 
interfaces and polar species in aqueous solution [46]. Previous studies of 
the crude oil interface have reported measurements of zeta potential, 
obtained using emulsions or droplets of crude oil in the aqueous solution 
of interest and the electrophoretic method (EPM) 
[29,55,62–64,68,85,86]. Zeta potential measurements on individual 
droplets or emulsions comprise the primary data source to characterise 
the electrical charge on crude oil in aqueous solution. Measurements of 
zeta potential on crude oil wetting layers or films in contact with 
aqueous electrolytes have not been reported. 

The aims of the paper are threefold: (1) to collate and review pre
vious measurements of the zeta potential of crude oil in aqueous solution 
as a resource for future studies, (2) to compare and contrast the results of 
these studies to determine key controls on zeta potential and where 
uncertainties remain, and (3) to report new measurements of zeta po
tential on solid surfaces wetted by crude oil in aqueous solution, testing 
a parameter space that has not been investigated previously. There has 
been no comprehensive review of zeta potential measurements on crude 
oil to date, although some studies have collated data to calibrate and test 
models for the development of electrical charge on the crude oil surface 
(e.g. [13,15,87]). 

The paper focuses primarily on experimental data, but we draw on 
published models to understand and contextualise the data in terms of 
the key controls on the magnitude and polarity of the zeta potential 
measured on crude oil. We also contrast the data with that obtained 
using pure, non-polar hydrocarbon liquids, which display a pH- 
dependent zeta potential that has been interpreted to be caused by 
specific adsorption of the hydroxide ion (e.g. [10,11,25,26,66,82]) 
although other mechanisms have also been proposed [76,88]. The pH- 
dependence of the zeta potential on non-polar liquid hydrocarbons has 
been shown to be largely independent of hydrocarbon type. As we show 
here, crude oils display far more variability in the pH-dependence of the 
zeta potential, with different crude oils showing different behaviour; 
these data suggest that the mechanisms causing development of surface 
charge are different, or there are additional mechanisms, compared to 
non-polar oils (e.g. [13,15,21,33,84,87]). A key difference between 
crude oils and pure hydrocarbons is the presence of species such as 
asphaltenes and resins in crude oils which are known to be interfacially 
active: their type and concentration control interfacial properties such as 
surface tension and wetting (e.g. [94–96]). 

We report new data measured on solid surfaces wetted by the crude 
oil of interest and an experimental methodology based on the streaming 
potential method (SPM). We explore a range of crude oils in contact with 
aqueous solutions; we also investigate the impact of the Ca2+ ion on the 
zeta potential because the limited experimental data reported to date 
[62,68,74] suggest the presence and concentration of the Ca2+ ion has a 
significant impact on the zeta potential of crude oil in aqueous solution. 
The literature data reviewed here, along with our new measured data, 
provide important insight into the effect of pH, and the concentration of 
key ions such as Ca2+ and Mg2+, on the zeta potential of crude oil in 
aqueous solution, demonstrating relationships between ion concentra
tion and zeta potential that are observed irrespective of crude oil 
composition. They suggest that crude oil composition plays a role, 
although no consistent trends are observed between zeta potential and 
commonly reported bulk oil properties. 

2. Zeta potential and the electrical double layer 

The theory of the electrical double layer and the concept of the zeta 
potential have been described in numerous textbooks and journal arti
cles (e.g. [3,46,75,92]). We provide here only a brief overview of the key 
elements relevant to the methods used to obtain the zeta potential data 
reported here. 

2.1. The electrical double layer 

When an immiscible or sparsely miscible fluid such as crude oil, is 
placed in contact with an aqueous electrolyte, an electrical charge de
velops on the interface between the two phases which creates a region of 
equal and opposite charge in the adjacent electrolyte in an arrangement 
often termed the electrical double layer (EDL). Counter-ions in the 
electrolyte with an opposing polarity are attracted to the interface, 
which locally increases their concentration; conversely, co-ions with the 
same charge are repelled. The counter-ions screen the surface electrical 
charge, so the magnitude of the electrical potential in the electrolyte 
decreases with distance from the interface, falling to zero some distance 
away (typically of order nm) in the neutral bulk electrolyte (e.g. [46]; 
Fig. 1). If the fluid contains polar species, an EDL may also develop in the 
fluid on the opposite side of the interface from the electrolyte. 

Crude oil can wet solid surfaces in the presence of an aqueous elec
trolyte, in which case a film or layer of oil separates the solid from the 
electrolyte and the properties of the crude oil dominate the interfacial 
behaviour [8,16–18,23,44]. Wetting films are typically of nanometre 
thickness; wetting layers are present in porous materials and are typi
cally of micrometre thickness, controlled by capillary forces and pore 
geometry (e.g. [61]). Fig. 1 shows a schematic of the EDL for (a) a non- 
polar hydrocarbon droplet in an aqueous electrolyte in which surface 
charge results from adsorption of hydroxide ions (e.g. [82]); (b) a crude 
oil droplet in an aqueous electrolyte in which surface charge results from 
adsorption of hydroxide ions and polarisation of surface active sites (e.g 
[13]) and (c) a crude oil film that coats (wets) a solid surface in contact 
with the same electrolyte (adapted from [24]). In all cases, we assume 
the oil develops a negative surface charge. 

The Gouy-Chapman-Stern (GCS) model extends the classical EDL 
model, subdividing the excess charge in the electrolyte into a ‘Stern 
layer’ and a ‘diffuse layer’ ([46]; Fig. 1). The Stern layer contains ions 
that are immobile relative to the surface, because they are adsorbed or 
attached. Typically, the excess counter-charge in the Stern layer is 
insufficient to balance the excess surface charge, leading to the accu
mulation of excess counter-charge in the diffuse layer. The electrical 
potential decreases through the diffuse layer until it reaches zero in the 
neutral electrolyte [46]. The zeta potential is defined as the electrical 
potential at a notional ‘shear’ plane. It is assumed that ions in the diffuse 
layer are mobile beyond the shear plane, which lies some distance away 
from the surface (Fig. 1). The shear plane is often assumed to coincide 
with the Stern plane or treated as a variable which can be adjusted in 
models to match experimental data (e.g. [13,37,75]). 

2.2. Electrokinetic phenomena and measurement of the zeta potential 

The surface charge of most solid interfaces in aqueous solution can 
be measured by potentiometric titration (e.g. [22]). Solid particles are 
placed in an acid or base electrolyte and allowed to equilibrate before 
being neutralised. The surface charge is calculated from the amount of 
acid/base required to neutralise the sample. However, potentiometric 
titration of a fluid such as oil in aqueous solution measures the total 
charge present in the bulk fluid, rather than at the fluid-fluid interface 
(e.g. [30]). Potentiometric titration of crude oil measures the total 
concentrations of negatively and positively charged species such as 
hydrocarbons and asphaltenes [83]. These bulk concentrations are 
commonly termed the acid number (AN) and the base number (BN) 
respectively. Since the surface charge cannot be determined directly, 
zeta potential measurements are the primary source of data available to 
understand the electrical properties of the crude oil interface (e.g. 
Fig. 2). 

Tangential motion of mobile excess charge along the shear plane 
leads to electrokinetic phenomena. Experimental methods to measure 
the zeta potential make use of these electrokinetic phenomena. The zeta 
potential data reported here were measured, with one exception, using 
either (i) the EPM, in which charged particles or droplets are mobilised 
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relative to a stationary electrolyte by application of an electrical po
tential field, or (ii) the streaming potential method (SPM), in which an 
electrical potential difference is created by flowing an electrolyte rela
tive to a stationary solid by application of a fluid pressure gradient 
[29,46]. 

2.2.1. Electrophoretic methods 
The EPM is typically implemented in commercially available 

equipment such as a zetasizer (e.g. [29]). An electrical potential field is 
applied to a suspension of powdered or crushed solid particles, or to an 
emulsion of fluid droplets, in the electrolyte of interest. The electrical 
potential causes the particles or droplets to move, and their velocity is 
measured. The magnitude of the velocity is normalized by the magni
tude of the electric field to yield the electrophoretic mobility. 

To interpret zeta potential from measured electrophoretic mobility 
requires a model for the distribution of charge on, around and possibly 
within the particles or droplets [29,39,52,71]. In some of the studies 
reviewed here, the model used to calculate the zeta potential was not 
reported [62,64,68,74,85,86]. The remaining studies all use models that 
assume hard (impermeable) colloidal particles with a homogeneous 
distribution of charge on their surface, no slip of the electrolyte at the 
surface (corresponding here to the shear plane; Fig. 1), negligible excess 
(surface) electrical conductivity (i.e. Duhkin number Du < < 1) and no 
polarisation within the electrical double layer [29,39,71]. 

In some studies, the zeta potential was calculated using the Gouy- 
Chapman (GC) model for the distribution of electrical charge in the 
diffuse layer [18,21,32]; in most, the zeta potential was calculated 
assuming the ratio of the particle size to the EDL thickness is large (a/λ 
> > 1, where λ is the Debye length and a is the particle or droplet size; i. 
e. there is a thin EDL) in which case the GC model can be linearized to 
yield the classical Helmholtz-Smoluchowski equation [46] 

ue =
εζ
μ (2.1)  

where ζ is the zeta potential, ε is the permittivity (F m−1) and μ is the 
viscosity of the electrolyte (Pa s) [5,33,55,66,67,82,87]. Beattie and 
Djerdjev [10] used the electroacoustic method but provided no details 
on the measurements obtained or the model used to calculate the zeta 
potential. 

The crude oil or hydrocarbon droplets in the EPM experiments re
ported here are typically of order microns in size while the EDL thickness 
for the electrolytes tested is of order nanometers, consistent with the 
thin EDL assumption (a/λ >> 1; in the studies reported here, a/λ > 20 is 
estimated from the data available). The conditions for which surface 
electrical conductivity and EDL polarisation may be important have 
been determined previously (e.g. [29]). The condition Du < < 1 is 
achieved when a/λ > > 1 and for smaller values of zeta potential and a 
larger proportion of charge beyond the shear plane; it is estimated (from 
limited data) to be met in the studies reported here, except perhaps for 
higher values of zeta potential (> 80 mV) which typically correspond to 
higher pH and/or more dilute electrolytes. 

The sparse solubility of crude oil and hydrocarbons in aqueous so
lution inhibits the transfer of charge across the interface, consistent with 
the assumption of hard particles (note that the term ‘hard’ does not refer 
to the mechanical rigidity of the particles but to their ion and hydro
dynamic permeation; [39]). However, momentum transfer may occur 
causing flow within the fluid droplet, in which case a shear plane 
(Fig. 1a) cannot be defined. Momentum transfer is reduced if the fluid 
within the droplet has high viscosity and/or if there is a layer of 
adsorbed surface-active components (e.g. [29,70]). Decane droplets in 
aqueous solution have been shown to approximate hard particle elec
trokinetic behaviour [70]. The hydrodynamic problem is further 
complicated by the observation of slip at hydrophobic surfaces (e.g. 
[38,52,53]). A slip length, typically of order of a few nanometers, has 
been identified at such surfaces, although slip on hydrophobic fluid 

Fig. 1. Schematic of a double layer model for (a) a non-polar hydrocarbon 
droplet in an aqueous electrolyte in which surface charge results from 
adsorption of hydroxide ions (e.g. [82]); (b) a crude oil droplet in an aqueous 
electrolyte in which surface charge results from adsorption of hydroxide ions 
and polarisation of surface active sites, and (c) a crude oil film (a few nano
meteres thick) that coats (wets) a solid surface in contact with the same elec
trolyte (adapted from [24]). In this case, the solid surface is calcite. The oil is 
assumed to have a negative surface charge. 
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droplets has not yet been investigated. Despite its ubiquity in published 
studies, the assumption that hydrocarbon and crude oil droplets can be 
treated as hard particles with no slip is a significant simplification that 
requires further investigation, as do the conditions for applicability of 
Eq. (2.1). Here we collate zeta potential data as reported in the 
literature. 

2.2.2. Streaming potential method 
The SPM requires equipment to impose a pressure difference (ΔP) 

that causes the electrolyte of interest to flow through a capillary, porous 
medium or packed bed, or along a flat surface or membrane, of the solid 
material of interest [29,46]. The pressure gradient causes flow of excess 
charge in the diffuse layer relative to the charged surface, giving rise to 
an electrical potential difference across the sample (ΔV) which is 
measured [29,46]. The potential difference is normalized by the pres
sure difference to yield the streaming potential coupling coefficient (C), 
which is typically treated as an isotropic quantity. Here we use a porous 
medium in which the solid surfaces are coated by the crude oil of in
terest. Assuming a hard crude-oil interface, negligible electrical surface 
conductivity and that the ratio of the pore size to the EDL thickness is 
large (r/λ >> 1, where r is the pore size; i.e. there is a thin EDL) the zeta 
potential can be related to the coupling coefficient by the Helmholtz- 
Smoluchowski equation 

C =
ΔV
ΔP

=
εζ
σeμ

(2.2)  

where σe is the electrolyte electrical conductivity (S•m−1). The zeta 

potential obtained is an average across all solid-fluid interfaces in the 
sample. If surface electrical conductivity is significant, its contribution 
can be corrected for using a modified form of Eq. (2.2) [60] 

C =
ΔV
ΔP

=
εζ

σmμF
(2.3)  

where σm represents the conductivity of the medium (S•m−1) when 
saturated with the electrolyte of interest and F is the formation factor of 
the medium, defined as the ratio of the electrolyte conductivity, σe, to 
the medium conductivity, σm, when surface electrical conductivity is 
negligible. In the experiments reported here, we assume the crude oil is 
impermeable to charge and there is no flow within crude-oil wetting 
films and layers, so the crude-oil interface is hard. We note that slip has 
been observed during flow past hydrophobic surfaces (e.g. [52]) but, 
consistent with the EPM studies reviewed here, we do not attempt to 
account for slip when calculating the zeta potential. 

3. EPM measurements of zeta potential on crude-oil droplets 
and emulsions in aqueous solution 

3.1. Electrolyte concentration and composition 

3.1.1. Effect of pH 
Much of the published zeta potential data obtained on emulsions of 

crude oil droplets in aqueous electrolytes have explored the effect of pH 
in simple NaCl electrolytes. Fig. 2a collates zeta potential measurements 
obtained using such electrolytes as a function of pH. Inconsistencies in 

Fig. 2. Published zeta potential data for crude oil emulsions in NaCl electrolytes measured using the EPM. Plot (a) shows all data plotted against pH: blue lines 
represent measurements obtained in the ionic strength range 10–3 < I ≤ 0.01 M; green lines in the range 0.01 < I ≤ 0.1 M and red lines at I > 0.1 M. Data from [1] 
Buckley et al. [18] [2] Kolltveit [55] [3] Chow and Takamura [21] [4] Takeya et al. [85] [5] Mahani et al. [64] [6] Farooq et al. [33] [7] Takeya et al. [86]. Plots (b) 
and (c) show data for specific crude oils and dashed lines denote linear fit to the data. Plot (d) shows the IEP for the different crude oils tested, interpreted from the 
data shown in (a). See Table 1 for the electrolytes, crude oils, experimental conditions, and experimental method. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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the experimental conditions across different studies (see Table 1) mean 
these data are not always directly comparable, so we group by orders of 
magnitude of ionic strength. Data regarding the properties of the crude 
oils can be found in Table 1. Note that no studies reported error bars 
with their experimental data. 

The zeta potential is consistently negative at high pH and becomes 
increasingly positive with decreasing pH. The zeta potential changes 
polarity at the isoelectric point (IEP), defined as the pH at which the zeta 
potential is zero. At pH values close to the IEP, the relationship between 
zeta potential and pH is approximately linear (e.g. Fig. 2b, c). The 
gradient of the linear relationship increases with decreasing ionic 
strength, varying over the range − 10 mV/decade at 0.1 M ionic 
strength, to −40 mV/decade at 10−3 M ionic strength (Table 3). At 
higher pH, the sensitivity of the zeta potential to pH decreases. 

There is a large variation in the magnitude of the zeta potential 
measured on different oils for a given pH and electrolyte ionic strength, 
and the range is typically larger at low ionic strength and high pH (e.g. 
Fig. 2a). Furthermore, the IEP varies across the range pH 3–5 for 
different datasets, including different crude oils and electrolyte ionic 
strength (Fig. 2d). In the more dilute (10−3 - 0.01 M) electrolytes, close 
to the average IEP of ca. pH 4, the range of measured zeta potential 
reaches almost 100 mV and includes both positive and negative values 
(Fig. 2a). This variation may be due to differences in experimental 
procedure (Table 1) or could reflect the wide range of surface charge on 
different crude oils. Mechanisms that may control the pH dependence of 
the zeta potential of crude oil are discussed later in the paper. 

For comparison, we show measured zeta potential from pure, non- 
polar hydrocarbons in simple NaCl electrolytes as a function of pH 
(Fig. 3); again, no studies reported error bars. Compared to the crude 
oils, the spread of values for a given value of pH is small, especially for 
pH > 6; moreover, only negative zeta potentials are observed, so an IEP 
cannot be defined. We note that Creux et al. [25] observed positive zeta 
potential for octane, decane and dodecane in aqueous solution, with the 
IEP in the range pH = 2 to pH = 3. However, no NaCl was added to their 
pure water electrolyte, so their data cannot be directly compared to 
those shown in Fig. 3. For pH < 6, the relationship between zeta po
tential and pH for the non-polar hydrocarbons is approximately linear 
and independent of hydrocarbon type (Fig. 3). The gradient of the linear 
relationship is −19 mV/decade (Table 3). 

A linear relationship is consistent with Nernstian behaviour of a 
charged interface and suggests the electrical double layer can be 
described by the simple GCS model close to the IEP (e.g. [46]). In the 
GCS model, the gradient of the zeta potential can be described by (e.g. 
[34]): 

dζ
dpPDI

⃒
⃒
⃒
⃒

ζ→0
=

−2.303 kBT
ze(

1 + Cd
Cs

)
exp(κδ)

(3.1)  

where k is the Boltzmann constant, T the absolute temperature, z the 
valence of the potential determining ion (PDI), pPDI denotes the nega
tive logarithm of the PDI concentration in M, e the elementary charge on 
an electron, κ the inverse Debye length (1/λ), Cd and Cs are the capaci
tance per unit area of the diffuse and Stern layers respectively and δ the 
distance of the shear plane from the Stern plane. The Stern layer 
capacitance for a given oil can therefore be calculated from the gradient 
of the linear regression (Table 3) and Eq. (3.1). The diffuse layer 
capacitance is assumed to be approximated by κε where ε is the elec
trolyte permittivity [4]. The simplest assumption that the Stern plane 
coincides with the shear plane is employed, so we set δ = 0 (Fig. 1). The 
Stern layer capacitance, Cs, calculated in this way is reported in Table 3. 
Despite the large range in gradients for different ionic strength elec
trolytes, the Stern layer capacitance for the crude oils remains approx
imately constant, varying by <25% around the mean value of 0.16 
F•m−2. For comparison, the Stern layer capacitance for the non-polar 
hydrocarbons is much lower at 0.04 F•m−2 (Table 3). 

3.1.2. Effect of divalent cations 
The impact of divalent cations Ca2+ and Mg2+ on the zeta potential of 

crude oil in aqueous emulsions has been studied by several authors 
(Fig. 4a), although the data are considerably less abundant than for pH 
(compare Figs. 2a and 4a). Note again that no studies reported error bars 
with their experimental data. The zeta potential typically shows a linear 
variation with divalent ion concentration for a given crude oil and 
electrolyte, where concentration is expressed as pCa or pMg (or more 
generally, pPDI). The zeta potential is negative in the low concentration 
range (pPDI >1) but charge inversion is observed for some crude oils at 
higher concentration (pPDI <0.5) with the IEP in the range pPDI = 0 to 
1, depending on pH. The sensitivity (gradient) of the zeta potential to 
pPDI increases with increasing pH over the range 4–10 (e.g. Fig. 4b) but 
becomes relatively insensitive at high pH (e.g. Fig. 4c). 

Comparison of these data for crude oil with data for non-polar hy
drocarbons is challenging because measurements of zeta potential on 
non-polar hydrocarbons in aqueous electrolytes containing divalent ions 
are few. Only Dunstan and Saville [32] systematically tested the effect of 
varying divalent ion concentration, using solid docosane particles in 
CaCl2 electrolyte (Fig. 5). No error bars were reported. The zeta po
tential shows a linear variation with pCa, becoming less negative with 
decreasing pCa, but the IEP cannot be identified because there is no 
charge inversion. 

The linear relationship between zeta potential and pPDI observed for 
crude oil and docosane is again consistent with Nernstian behaviour of 
the charged interface. Applying the GCS model (Eq. (3.1)) allows 
calculation of the Stern layer capacitance (Table 3). The Stern layer 
capacitance for the crude oils in contact with Ca2+ varies by a factor of 6 
and reaches a maximum value of 5.63 F•m−2, in contrast to the smaller 
values and variation observed in response to pH change (Table 3). 
Higher capacitance is observed at higher pH for the crude oils. In 
comparison, the capacitance for docosane in contact with Ca2+ is 0.78 
F•m−2, comparable to the smallest value obtained for the crude oil, and 
much larger than the values obtained for non-polar oils as a function of 
pH (Table 3). 

The available data suggest that the zeta potential on crude oil is more 
sensitive to changes in Ca2+ compared to Mg2+, noting that Takeya et al. 
[85,86] obtained a steeper gradient for zeta potential versus pCa 
(Fig. 4d); moreover, Nasralla and Nasr-El-Din [68] reported a positive 
zeta potential at pCa = 0.34 and pH = 4, but a negative zeta potential for 
the same oil at pMg = 0.28 and pH = 4. The potential for other multi
valent ions to act as PDIs for the crude oil surface has not been tested, 
although such ions are often present in natural brines and engineered 
electrolytes (e.g. Table 2). For comparison, Dunstan and Saville [32] 
observed a non-monotonic variation in zeta potential on docosane par
ticles with AlCl3 concentration (Fig. 5), recording positive zeta potential 
over most of the concentration range with a maximum in the range 2 <
pPDI <4. 

3.1.3. Monovalent ions and total ionic strength 
The magnitude of the zeta potential on crude oil generally decreases 

with increasing ionic strength in NaCl electrolytes (Fig. 2), as predicted 
for indifferent ions by simple models of the diffuse layer (e.g. [46]). 
Monovalent ions such as Na, K, Cl are typically assumed to be indifferent 
to most interfaces in aqueous solution: they show no tendency to adsorb 
onto the surface. However, data relating zeta potential and Na+ con
centration for a given pH and crude oil concentration are sparse (e.g. 
Fig. 6a). These data show that the sensitivity does vary for different 
crude oils; however, the IEP (expressed as pH) is independent of Na 
concentration (Fig. 6b) and increasing Na+ concentration does not yield 
charge inversion, in contrast to the divalent ions. Again, no studies re
ported error bars and it is not clear whether the small variations in 
sensitivity arise from experimental errors. Marinova et al. [66] observed 
a decrease in the magnitude of the zeta potential on xylene with 
increasing NaCl concentration and interpreted this to represent the 
decrease in diffuse layer thickness with increasing ionic strength. 
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Table 1 
Summary of studies reporting experimental zeta potential data obtained on crude oil emulsions in aqueous electrolytes. The compositions of the complex electrolytes are given in Table 2. All reported crude oil 
compositional data are shown.  

Reference Method Material Name Density at 
25 ◦C (kg/ 
m3) 

Viscosity at 
25 ◦C (mPa.s) 

AN 
(mgKOH/ 
g) 

BN 
(mgKOH/ 
g) 

AN/BN 
Ratio 

Asphaltene 
content (wt%) 

Electrolyte compositions Ionic 
strength (M) 

Temperature 
(◦C) 

IEP in NaCl 
electrolytes 
(pH) 

Buckley et al. 
[18] EPM 

Crude 
Oil 

Moutray 838 5.23 0.26 2.52 0.10 N/A 
NaCl 10−3 - 0.1 25 

3.4 
Leduc 913 2.49 0.15 0 N/A N/A 4.75 
ST-86-1 875 13.01 0.15 8.14 0.02 N/A 4.3 

Kolltveit [55] EPM Crude 
Oil 

A 904 36 3.01 N/A N/A 0.25 
NaCl; NaCl + CaCl2 0.006–0.12 25 

4 
B 934 277 2 N/A N/A 2.04 5 
C 891 22 0.98 N/A N/A 0.39 3.5 

Chow and 
Takamura [21] EPM 

Crude 
Oil 

Moutray 838 5.23 0.26 N/A N/A 0.18 
NaCl; CaCl2 0.01–0.1 25 

N/A 

Bitumen Bitumen 1010 400,000 2 N/A N/A 17 N/A 
Alshakhs and 

Kovscek [5] 
EPM Crude 

Oil 
Crude Oil 831 2.4 1.15 1.25 0.92 N/A MgSO4; Mg; SO4; complex 

electrolytes in Table 2 
10−4 - 0.01 25 5 

Nasralla and 
Nasr-El-Din 
[68] 

EPM Crude 
Oil 

A 886 32.2 0.18 1.65 0.11 N/A 
NaCl; CaCl2; MgCl2 0.018–0.01 25 

N/A 

B 828 20.4 0.11 0.62 0.18 N/A N/A 

Takeya et al. [85] EPM 
Crude 
Oil 

Crude Oil 919 8.398 0.39 1.86 0.21 24.2 
NaCl; CaCl2; complex 
electrolytes in Table 2 

0.002–0.8 50 N/A 

Takeya et al. [86] EPM Crude 
Oil 

A 0.831 (15C) N/A 0.17 1.08 0.16 1.6 
NaCl; CaCl2; complex 
electrolytes in Table 2 

0.002–4.42 25 N/A B 0.871 (15C) N/A 0.11 0.78 0.14 12.3 
C 0.895 (15C) N/A 1.06 1.42 0.75 4.2 
D 0.869 (15C) N/A 0.07 0.13 0.54 2.2 

Lu et al. [62] EPM 
Crude 
Oil 

Oil 1 952 2190 0.21 5.6 0.04 3.3 
NaCl; MgCl2 10−5 - 3 25–65 

N/A 
Oil 2 888 125 0.18 1.14 0.16 2.1 N/A 

Mahani et al.[64] EPM 
Crude 
Oil 

Crude Oil 857 20.75 0.52 1 0.52 0.28 
NaCl; complex electrolytes 
in Table 2 

10−3 - 3.7 25 4.4 

Mehraban et al. 
[67] 

EPM Crude 
Oil 

Crude-A 840 (90C) 2.35 (90C) 0.14 N/A N/A 0.2 Complex electrolytes in  
Table 2 

0.832 28–62 N/A 
Crude-B 870 (90C) 3.3 (90C) 0.1 N/A N/A 6 N/A 

Tetteh et al. [87] EPM Crude 
Oil 

LKC 
Crude Oil 

840 (40C) 5.86 (40C) 0.17 0.11 1.55 0.73 
NaCl; KCl; CaCl2; MgCl2; 
Na2SO4; complex 
electrolytes in Table 2 

0.04–3.27 25–40 N/A 

Pooryousefy 
et al. [74] EPM 

Crude 
Oil 

Texas 
Crude 890 N/A 1.58 1.02 1.55 N/A CaCl2 0.018–0.45 25 N/A 

Farooq et al. [33] EPM Crude 
Oil 

Crude Oil 880 11.1 2.7 0.8 3.38 0.7 NaCl; CaCl2 0.065 25 N/A  
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3.1.4. Complex electrolytes 
Only a few studies have measured the zeta potential of crude oils in 

complex, high ionic strength electrolytes and at elevated temperature, 
yet these conditions are relevant to many engineering systems and 
subsurface reservoirs. Fig. 7 collates published zeta potential 

measurements on crude oil in complex, multi-ion electrolytes repre
sentative of natural subsurface brines. The experiments are summarized 
in Table 1 and the electrolyte compositions are reported in Table 2. 
Fig. 7a shows how the zeta potential varies as a function of pH in such 
electrolytes whilst Fig. 7b shows data where the pH was not reported. No 

Fig. 3. Published zeta potential data for emulsions of 
non-polar hydrocarbons in NaCl electrolytes 
measured using the EPM, plotted with crude oil data 
extracted from Fig. 2 for the comparable range of 
NaCl ionic strength (10–3 < I ≤ 0.01 M). Data from 
[1] Buckley et al. [18] and [2] Kolltveit [55] as in 
Fig. 2. Data from [7] Marinova et al. [66] [8] Beattie 
and Djerdjev [10] [9] Stachurski and Michalek [82]. 
Dashed black line denotes linear fit to the data for 
non-polar hydrocarbons for pH < 6.   

Fig. 4. Published zeta potential data for emulsions of crude oil in CaCl2 and MgCl2 electrolytes. Plot (a) shows all data plotted against pPDI (where PDI denotes Ca or 
Mg and p denotes the negative logarithm of the concentration in M): blue datapoints show data plotted against pCa; red datapoints show data plotted against pMg; 
open symbols denote data acquired at low pH (pH = 4); closed symbols denote data acquired at neutral to high pH (7–10); symbol shapes denote different studies. 
Plots (b), (c) and (d) show selected data, demonstrating the impact of (b) and (c) pH on the sensitivity of the zeta potential to pCa; (d) difference in sensitivity 
between Ca2+ and Mg2+. Dashed lines denote linear fit to the data. See Table 1 for the electrolytes, crude oils, experimental conditions and experimental method. 
Data from [1] Chow et al. [18] [2] Takeya et al. [85] [3] Lu et al. [62] [4] Nasralla and Nasr-El-Din [68] [5] Pooryousefy et al. [74] [6] Takeya et al. [86]. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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studies reported experimental errors. There are no comparable studies 
for non-polar oils. 

Many of the same trends observed in Figs. 2 and 4 are also observed 
in Fig. 7. The zeta potential is positive at low pH and becomes increas
ingly negative with increasing pH (Fig. 7a) with an IEP around pH = 4. 
However, the impact of varying pH decreases with increasing ionic 
strength. The zeta potential increases in magnitude with decreasing 
electrolyte ionic strength (increasing dilution) (Fig. 7b). This increase is 
consistent with double layer expansion and the reduction in the con
centration of PDIs (Table 2). However, the data are sparse and the 
impact of high ionic strength electrolytes on the zeta potential of the 
crude oil surface remains a key area for future study. 

3.2. Effect of temperature 

Only three studies have examined the impact of temperature on the 
zeta potential of crude oil ([62,67,87]; Table 1 and Fig. 8) and the data 
show contrasting trends. Lu et al. [62] reported the temperature de
pendency of two crude oils in NaCl and MgCl2 electrolytes. The zeta 
potential of their Oil 1 was independent of, or only weakly dependent on 
temperature, whereas the zeta potential of their Oil 2 decreased in 
magnitude with increasing temperature in dilute electrolytes (<0.01 M). 
In higher concentration electrolytes, the zeta potential of both oils was 
independent of temperature. Tetteh et al. [87] and Mehraban et al. [67] 
reported zeta potential measurements in complex electrolytes (see 
Table 2) for three different crude oils (Table 1) at 25 and 40 ◦C, and 28 

and 60 ◦C, respectively. Contrary to the data from Lu et al. [62], the zeta 
potential increased in magnitude with increasing temperature, irre
spective of electrolyte composition. Data exploring the effect of tem
perature on the zeta potential of crude oil in aqueous solution are too 
sparse and contradictory to draw firm conclusions, and there are no 
comparable data for non-polar oils. 

3.3. Crude oil composition 

Despite the broad range of crude oil compositions, few studies have 
explored the link between crude oil composition and zeta potential. 
Moreover, the scarce data available relates zeta potential to measure
ments of bulk AN and BN, rather than interfacial oil properties or a more 
detailed description of oil composition. The limited available data show 
no correlation between these bulk properties and zeta potential (Fig. 9), 
which is perhaps unsurprising given that it is not clear if, or how, bulk 
and surface properties are related or whether polar oil components 
control the development of surface charge (e.g. [33]). We discuss this 
issue further in a later section. 

4. SPM measurements of the zeta potential on crude oil wetted 
solid surfaces in contact with aqueous electrolytes 

4.1. Indirect estimates of zeta potential using the SPM 

It has been shown that the zeta potential measured using the SPM on 
samples of natural porous carbonate rocks saturated with electrolyte and 
crude oil is affected by the wetting state. Jackson and Vinogradov [50] 
measured a positive zeta potential on natural, water-wet reservoir car
bonates in a high ionic strength reservoir brine (FMB, Table 2) which 
became less positive after becoming more wetting to crude oil. The 
wettability of the samples was characterised using the Amott water 
wetting index [6]: 

Iw =
VWSI

VWSI + VWFI
(4.2)  

where VWSI is the volume of water spontaneously imbibed (SI) into the 
sample and VWFI is the additional volume of water that can be forced into 
the sample by applying a pressure gradient. 

Jackson and Vinogradov [50] proposed that the zeta potential at oil- 
wet mineral surfaces reflects the properties of the crude oil interface 
rather than the mineral interface. A more negative zeta potential 
measured in an oil-wet sample as compared to a water-wet sample is 
therefore consistent with a zeta potential at the crude oil interface that is 
more negative than that of the mineral interfaces, and vice-versa. 

Jackson et al. [51] and Collini et al. [24] extended this work and 

Fig. 5. Published zeta potential data for solid docosane particles in CaCl2 and 
AlCl3 electrolytes [32] as a function of pPDI where PDI denotes Ca2+ or Al3+. 
Electrolyte pH was not reported. Dashed line denotes linear fit to the data. 

Table 2 
Ionic composition of the complex electrolytes used by various authors to represent natural brines. FMB and FW denote typical brines found in deep saline aquifers and 
hydrocarbon reservoirs; SW denotes seawater, dSW denotes dilute seawater and the preceding number the dilution factor, and LS denotes ‘low salinity’ brine.    

Concentration (mM) 

Reference Electrolyte Na+ Ca2+ Mg2+ SO4
2− Cl− K+ Sr2+ HCO3

−

Mahani et al. [64] 
25dSW 23.3 0.50 2.70 1.40 27.2 0.50 0 0.10 
SW 583 12.7 66.6 35.3 680 12.4 0.20 2.90 
FW 2170 363 134 2.40 3150 0 0 2.70 

Alshakhs and Kovscek [5] 
100dSW 7.50 0 0.90 0.40 8.70 0 0 0 
1000dSW 0.70 0 0.10 0 0.90 0 0 0 

Mehraban et al. [67] SW 550 12.5 67.5 31.6 657 10.7 0 1.20 

Tetteh et al. [87] 
FW 2090 275 115 2.70 2871 12.8 0 0 
SW 417 55.0 23.0 0.50 574 2.60 0 0 
LS 25.4 3.40 1.40 0 35.0 0.20 0 0 

Takeya et al. [85] 
FW 529 53.3 13.2 0.80 634 3.50 0 2.30 
SW 493 11.0 44.2 27.9 534 11.3 0 2.00 

Takeya et al. [86] 
FW 2700 583 52.8 2.56 3600 0 0 0 
SW 604 15.0 65.0 35.6 685 0 0 0 

Jackson & Vinogradov [50] FMB 2020 351 46.7 2.50 2809 0 0 5.70 
Jackson et al. [49] FMB 1999 421 91.0 2.00 3020 0 0 0  
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reported a correlation between the change in zeta potential and wetta
bility alteration in a different high salinity reservoir brine (FMB, 
Table 2). Of the eight crude oils tested in these studies, four yielded an 
increasingly negative zeta potential after wettability alteration to 
become more oil-wet, consistent with a negative zeta potential on the 
crude oil surface (Fig. 10; see [23]). Three crude oils yielded an 
increasingly positive zeta potential, consistent with a positive zeta po
tential on the crude oil surface. One crude oil yielded either a positive or 
negative change in zeta potential, depending on the host rock type. 
Collini et al. [24] interpreted these results to suggest that positive zeta 
potentials on crude oils in contact with natural brines are more common 
than previously thought based on the limited available data obtained 
using the EPM method (Fig. 7). However, the approach does not provide 
a direct measurement of the crude oil zeta potential and thus the 
magnitude of the zeta potential cannot be determined. 

4.2. Direct measurements of zeta potential using the SPM 

Here we test the hypothesis that oil-wet surfaces return the zeta 
potential of the wetting oil, rather than the underlying solid substrate 
([23,24,49,50]; Fig. 1). We treat the mineral surfaces of natural sand
stone substrates to render them strongly hydrophobic. These substrates 
are then coated with various crude oils and the zeta potential measured 
using the SPM and NaCl/CaCl2 electrolytes up to 2 M ionic strength. The 
results are compared at lower ionic strength (10−3 and 0.02 M) against 

zeta potential measurements obtained using the EPM approach. We 
investigate the impact of varying pCa, because the impact of pH has been 
more extensively investigated and it is relatively straightforward to vary 
pH in EPM measurements (Fig. 2). In contrast, there are far fewer data 
available to characterise the impact of varying pCa, particularly at high 
Ca concentration and in high ionic strength electrolytes (Fig. 4). We 
focus here on exploring this parameter space. 

4.2.1. Materials & methods 

4.2.1.1. Substrate preparation. The porous media comprising the solid 
substrate were cylindrical cores of Fontainebleau sandstone (D = 3.7 cm; 
L = 7.6 cm; see Table 4), chosen primarily for its high quartz purity and 
chemical homogeneity (>99.9% SiO2). Additionally, the permeability of 
the samples is high enough to allow for relatively rapid fluid saturation, 
whilst being low enough to generate a significant pressure drop during 
streaming potential measurements without having to apply high 
flowrates. 

The Fontainebleau samples were cleaned with toluene and methanol 
using a Soxhlet apparatus and dried. The samples were then saturated 
with 5% di-methyl-di-chloridesilane in heptane (Silanization Solution-1, 
Sigma Aldrich) under a ca. 105 Pa vacuum pressure (negative pressure 
relative to atmospheric) for at least 24 h. Previous studies have used 
silanes to create strongly oil-wet natural sandstone samples [40]. The 
samples were then allowed to air dry at room temperature to remove 
excess solvent until a constant mass was obtained (typically after 24–48 
h). Typical values of porosity and permeability after silanising were 6% 
and 185 mD (1.83 × 10−13 m2) respectively (Table 4). The silanised 
samples were then saturated again under a ca. 105 Pa vacuum pressure 
with the crude oil of interest for at least 48 h. 

The wettability of the silanised and oil-coated samples was charac
terised using the Amott water wetting index (Eq. (4.2)). Samples were 
submerged in a 10−3 M NaCl electrolyte for three weeks and the volume 
of electrolyte spontaneously imbibed (VWSI) measured. In all cases, no 
electrolyte was imbibed, yielding an Iw value of zero, thus confirming 
the mineral surfaces of the silanised samples were strongly oil wet. 
Furthermore, droplets of water placed onto the outer surface of the 
silanised samples were not observed to spread, providing further indi
cation of oil-wetting. 

Following spontaneous imbibition, the silanised, oil-saturated sam
ples were flooded with a 10−3 M NaCl electrolyte at a low rate (0.01 mL/ 
min) for several days until no oil was observed in the effluent. High 
flowrate ‘bumps’ were then performed (up to 30 mL/min) to ensure all 
mobile oil was displaced. This process was repeated in the other direc
tion of flow to ensure all mobile oil was flushed from the sample. 
Approximately 20% of the initial oil typically remained in the core and 
the sample permeability at the residual oil saturation was typically 50 
mD (Table 4). 

Fig. 11 shows a schematic of a pore/channel within a silanised and 
crude oil coated, Fontainebleau sandstone following our preparation 
method. Silanes react with the SiOH/SiO surface groups of the sandstone 
and the exposed methyl groups render the surface oil-wetting. When 
saturated with crude oil, the oil spreads over the silane surface and the 
residual oil that remains after displacement by the electrolyte exists as a 
thin wetting film (or order nanometers) on the flat portions of the 
mineral surfaces, and thicker layers (of order micrometers) in the cor
ners of the pore-space. It is likely that some smaller pores remain 
entirely occupied by oil. During streaming potential measurements, the 
excess charge transported by the flowing electrolyte arises due to the 
electrical double layer at the crude oil interface (Fig. 1c). 

4.2.1.2. Electrolyte ionic strength and composition. Electrolytes were 
prepared using deionised water and reagent grade salts (Sigma-Aldrich) 
to the desired ionic strength and composition. Electrolyte conductivity 
and pH were measured before and after experiments to ensure 

Fig. 6. Impact of ionic strength on measured zeta potential of crude oil 
emulsions in NaCl electrolyte. (a) zeta potential as a function of NaCl ionic 
strength at pH 6. (b) IEP expressed as pH as a function of ionic strength for 
different oils in NaCl electrolytes. Data from [1] Buckley et al. [18] [2] Kolltveit 
[55]. Dashed lines denote linear fit to the data, chosen in the absence of a strong 
theoretical basis to support higher order regressions. 
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consistency using a Metrohm 856 conductivity probe and a Mettler 
Toledo pH electrode respectively. No attempt was made to control pH 
but measured values remained within the range 5–6 across all experi
ments, irrespective of electrolyte composition and ionic strength, and 
the crude oil wetting the substrate. The zeta potential was measured 

using electrolytes containing NaCl and CaCl2 salts of varying concen
tration, but ensuring the total ionic strength of each electrolyte was 
constant at a value of either 10−3 M; 0.02 M; 0.5 M or 2 M. The ionic 
strength was fixed for a given mixture of NaCl and CaCl2 salts to ensure 
the contribution of ion interactions with the crude oil interface could be 

Fig. 7. Published zeta potential data measured on crude oil emulsions in complex electrolytes containing mixtures of ionic species representative of natural sub
surface brines. Plot (a) shows data as a function of pH where this was reported by [1] Mahani et al. [64] [2] Alshakhs and Kovscek [5] [3] Mehraban et al. [67]. Plot 
(b) shows data where the pH was not reported from Tetteh et al. [87], Takeya et al. [85] and Takeya et al. [86]. 
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quantified, independent from the effect of varying total ionic strength. 
Streaming potential measurements for each sample and electrolyte ionic 
strength were performed initially with 10−3 M NaCl, and then with 
electrolytes with the same total ionic strength but increasing CaCl2 
concentration, in the order low to high total ionic strength. Completing 
the measurements in this sequence minimises the risk of Ca2+ adsorption 
during earlier experiments modifying the behaviour in later 
experiments. 

4.2.1.3. Crude oil composition. Table 5 shows the properties of the five 
crude oils used in this study including the saturated aromatics, resins 
and asphaltenes (SARA) data. 

4.2.1.4. SPM measurements. The SPM of Vinogradov et al. [89] was 
used to determine the zeta potential of the oil-wet samples; the appa
ratus and method have been used and reported in many previous studies 
(e.g. [3,4,24,50,89–91]) so are not described in detail here. An external 
pump was used to induce electrolyte flow through the sample and the 
pressure and voltage difference across the core were measured. The flow 

was allowed to stabilise before the pressure and voltage differences were 
recorded; this was repeated for typically five to eight different flow rates 
per streaming potential measurement. The direction of electrolyte flow 
through the sample was reversed at each flow rate to confirm the 
pressure and voltage responses were symmetric with respect to flow 
direction, ensuring there were no electrode polarisation effects. 

Plotting the values of stabilised voltage difference against the values 
of stabilised pressure difference for each flow rate allows determination 
of the streaming potential coupling coefficient (C), given by the gradient 
of a linear regression through the data. The zeta potential was calculated 
using Eq. (2.3). Errors in the interpreted zeta potential were determined 
following the approach of Jackson and Vinogradov [50] and were 
typically of order ±1 mV. Following each streaming potential mea
surement, samples were re-saturated with the next electrolyte of interest 
by flooding the sample for at least 250 mL (>10 pore volumes) in both 
directions. Effluent pH and conductivity were measured to ensure con
sistency with the inlet values and varied by <5% for each experiment. 

4.2.1.5. EPM measurements. Zeta potential measurements were also 
obtained using the EPM implemented in a Zetasizer NanoZS (Malvern 
Analytical) to compare against the SPM data. The same oils and elec
trolytes were used but only for total electrolyte ionic strength of 10−3 

and 0.02 M for which it was possible to maintain a stable dispersion and 
obtain repeatable data. The zeta potential was measured using 15 runs 
per measurement and three measurements per sample. For each oil/ 
electrolyte combination, two vials containing 20 mL of electrolyte and 4 
droplets (ca. 0.1–0.2 mL) of crude oil were prepared. These were 
emulsified using a Turraxx Ultra stirrer at 10,000 rpm for 30 s. The 
emulsions were then left to settle for a few minutes before a 1 mL sample 
was drawn and inserted into the Zetasizer. Two samples from each vial 
were measured yielding a total of four samples and twelve zeta potential 
measurements per oil/electrolyte combination. The zeta potential re
ported is the average of these measurements ± two standard errors. 
Consistent with previous studies, the zeta potential was determined 
using Eq. (2.1). 

Fig. 8. Zeta potential data measured on crude oil emulsions in electrolytes at ambient laboratory (blue bars) and elevated (orange bars) temperature. Data labels 
report the measurement temperature. The relevant study, oil and electrolyte composition and ionic strength are listed. Electrolytes containing mixtures of ionic 
species that represent brines encountered in natural environments are shown as FW (formation water), SW (seawater), and LS (low salinity electrolyte) (see Table 2). 
Data from Tetteh et al. [87]; Mehraban et al. [67] and Lu et al. [62]. For a given value of ionic strength, the left hand column shows data at ambient temperature 
(blue in web version) and the right hand column shows data at elevated temperature (orange in web version). 

Fig. 9. Iso-electric point as a function of AN (crosses) BN (circles) and AN/BN 
Ratio (diamonds) for different crude oils. Data obtained from Buckley et al. 
[18]; Kolltveit [55]; Alshakhs and Kovscek [5] and Mahani et al. [63,64]. 
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4.2.2. Results 

4.2.2.1. SPM measurements. Fig. 12 reports zeta potential as a function 
of the percentage contribution of Ca2+ to the total ionic strength. The 
zeta potential becomes smaller in magnitude with increasing total ionic 
strength and increasingly positive with increasing Ca2+ concentration. 
However, the magnitude of the zeta potential varies between the 
different crude oils tested. The zeta potential ranges between ca. -50 mV 
(Oils BP/BM) and ca. -90 mV (Oil BD) in pure 10−3 M NaCl electrolyte 
(datapoints on the left-hand side of each plot), and between ca. -40 mV 
(Oil TT) and ca. -60 mV (Oil BM) in pure 10−3 M CaCl2 electrolyte 
(datapoints on the right-hand side of each plot). The magnitudes of these 
zeta potential measurements are comparable to those reported previ
ously for crude oil emulsions in similar electrolytes (Fig. 4). A full 
comparison between the zeta potential measurements in Fig. 12 and 
those previously published is presented later. 

At high (2 M) ionic strength, which has not been tested previously, 
the measured zeta potentials are less negative and smaller in magnitude, 
ranging between ca. -20 mV (oil BM) and ca. -10 mV (oil TT) in pure 
NaCl electrolyte, and ca. -1 mV and ca. +0.6 mV (oil TT) in pure CaCl2 

electrolyte. The zeta potential measurements were negative in all but 
this latter case; the concentration corresponds to a pCa of 0.17, similar to 
the concentration at which positive zeta potential measurements have 
been observed previously (Fig. 4). We are confident in the polarity of 
this measurement because the gradient of the linear regression between 
stabilised values of ΔV and ΔP (Eq. (2.2)) shows a clear change from 
negative to positive. 

The zeta potential results reported in Fig. 12 are shown in Fig. 13 
plotted as a function of pCa. For all samples, and for each value of total 
electrolyte ionic strength, there is a clear linear relationship between 
zeta potential and pCa as observed previously (Fig. 4). The gradient of 
the linear trend decreases with increasing total ionic strength, con
firming that the sensitivity of the zeta potential to Ca2+ decreases with 
increasing ionic strength. Note that the data shown here differ from most 
previous experimental measurements, because the total ionic strength 
remains constant for each suite of measurements (denoted by different 
symbols), rather than increasing with decreasing pCa. Hence, we can 
directly observe for the first time the effect of varying pCa, independent 
of the effect of varying total ionic strength. 

These data are collated into one plot for cross comparison between 

Fig. 10. Change in the zeta potential of brine- 
saturated carbonate rock samples after wettability 
alteration with crude oil (Δwett), plotted against the 
Amott water wetting index. Data from Collini et al. 
[24]. Different symbols represent the different crude 
oils. Filled symbols represent zeta potential mea
surements performed at ambient laboratory temper
ature (25 ◦C); empty symbols represent zeta potential 
measurements performed at elevated temperatures 
between 70 ◦C and 80 ◦C. Data showing positive 
values of Δζwett were interpreted to reflect a positive 
zeta potential at the oil-brine interface whilst data 
showing negative values of Δζwett were interpreted to 
reflect a negative zeta potential at the oil-brine 
interface.   

Fig. 11. Schematic of a pore within a crude oil coated, silanised, Fontainebleau sandstone sample. The excess charge transported by the electrolyte flow originates 
from the crude oil interface due to the strongly oil-wetting nature of the neutral substrate. 
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the different crude oils tested in Fig. 14. Linear trendlines are fitted to all 
the data for a given crude oil regardless of total electrolyte ionic 
strength. The variation in the trendlines between the different crude oils 
demonstrates their different zeta potential behaviour. Consistent with 
previous published data (Fig. 4), a linear relationship between the zeta 
potential and pCa is indicative of Nernstein behaviour and we can 
determine the Stern layer capacitance using Eq. (3.1), noting that the 
validity of the GCS model at high ionic strength has been questioned and 
it may not apply to the data obtained at 2 M ionic strength (e.g. [31]). 
However, a linear regression including only the data obtained at lower 
ionic strength also provides a good match to the high ionic strength data. 
Values of the Stern layer capacitance obtained from the regressions are 

reported in Table 3. 
The Stern layer capacitance determined for these crude oils ranges 

from 1.54 F•m−2 for Oil TT to 3.97 F•m−2 for Oil BD. These values are 
similar to those obtained from previous measurements of zeta potential 
as a function of pCa, which range from 0.72 F•m−2 to 5.63 F•m−2 

(Table 3). For comparison, Takeya et al. [85] used a value of 2.25 F•m−2 

for the Stern layer capacitance in their model of the crude oil surface, 
which is close to the average value found here. The difference in the 
Stern layer capacitance for different crude oils suggests different surface 
properties and interaction with Ca2+. 

Fig. 12. Zeta potential as a function of Ca2+ percentage at constant ionic strength. Panels show different crude oils and the datasets on each panel correspond to 
different values of total ionic strength. Zeta potential determined using the SPM. Experimental errors are shown and are similar to the symbol size. 
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4.2.2.2. Comparison of SPM and EPM measurements. Fig. 15 shows ex
amples of the zeta potential distributions reported from the Zetasizer 
measurements. The software has a built-in test for normality that de
termines whether the data for a given distribution is ‘good’ or ‘poor’. 
Fig. 15(a) and (b) show examples of ‘good’ distributions obtained on 
emulsions of Oil TT. A mean of -31 mV and a standard deviation of 
approximately 7.5 mV was obtained over the 15 sub-runs. These ex
amples are typical of the better Zetasizer measurements obtained here 
and represent the lower end of the range of observed standard deviation. 
Oil TT typically produced the most stable emulsions and the most 
repeatable zeta potential data. 

Conversely, Fig. 15(c) and (d) show examples of ‘poor’ zeta potential 
distributions. The data shown in (c) for an emulsion of Oil BG is highly 
scattered and shows a wide range of zeta potential, captured by the large 
standard deviation of 155 mV. Furthermore, the mean of this mea
surement (−27 mV) differs significantly from the mode (95 mV). Simi
larly, the data shown in Fig. 15(d) for an emulsion of Oil BP has a large 
standard deviation (70 mV). Considering the mean values alone, these 
measurements would appear reasonable by comparison with previous 
data (Fig. 4). However, it is clear from the distributions that the data 
here are poor quality. Finally, Fig. 15(e) and (f) show examples of 
measurements where the underlying distribution was deemed ‘good’ but 

Fig. 13. Zeta potential measurements reported in Fig. 12 plotted as a function of pCa. Panels show different crude oils; the datasets on each panel correspond to 
different values of total ionic strength. Dashed lines denote linear fit to the data for the different values of electrolyte ionic strength. 
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there is an unacceptably broad range of values. Fig. 15(e) shows data 
from an emulsion of Oil BM and has a mean of −25 mV and a standard 
deviation of 15 mV, whilst Fig. 15(f) shows data from an emulsion with 
Oil BP with a mean of −57 mV and a standard deviation of 21 mV. 

Results such as these were common in the experiments conducted 
here. However, considering only the ‘summary results’ of mean zeta 
potential, conductivity, and electrophoretic mobility provided by the 
software, it would not necessarily be clear that such a poor or broad 
underlying distribution was present. Fig. 15(c)-(f) highlight the chal
lenges in measuring the zeta potential of emulsions of crude oil in 
aqueous electrolytes (see also [55]). 

It has been reported that the volume of oil dispersed in the electro
lyte, along with the droplet size, can significantly affect the interpreted 
value of the zeta potential, with increasing oil fraction and/or droplet 
size yielding a larger magnitude zeta potential [58,59,72]. The three 
more viscous oils (BP, BG and BM) tested here produced noticeably less 
stable emulsions than Oil TT. The broader distributions observed for 
these three oils may have been due to broader and more variable droplet 
size distributions within and between different measurements. Emul
sions of Oil BD exhibited behaviour somewhere between Oil TT and Oils 
BP, BG and BM. 

Zetasizer measurements on a given sample were generally consistent. 
However, different samples from the same emulsion could yield signif
icantly different results, even if the underlying distribution was ‘good’. 
Many previous studies have reported only the range in zeta potential 
measurements from a single sample [59,68,85,86]. In some studies, 
there is no discussion of repeat measurements. Conducting experiments 
in this way may underestimate the error in the zeta potential. Moreover, 
if the underlying distribution was not considered when analysing data, 
poor distributions such as those shown in Fig. 15c and d may have been 
reported as good results. The only study that discusses the reported 
distribution of measured zeta potential on crude oil is that of Kolltveit 
[55], who noted many of the same challenges discussed here. 

It should be noted that streaming potential measurements do not 
yield insight into the microscale zeta potential distribution [23]. The 
measurements reported here correspond to a complex average of the 
zeta potential at individual interfaces within the porous medium. The 
SPM data are therefore compared to the mean zeta potential values 
interpreted from the EPM measurements. Fig. 16 compares these data 
for Oil TT which, as discussed above, was the only crude oil for which 
the Zetasizer produced good data. 

A good match between the data obtained using the two experimental 
methods is observed, with the EPM data aligning well with the linear 

trendline fitted to the SPM data (Fig. 16). The consistency between the 
different measurement techniques provides confidence that the oil- 
coated silane substrates used in the SPM measurements return the zeta 
potential of the oil-electrolyte interface. 

4.2.2.3. Relationship between zeta potential and crude oil properties. The 
new data reported here determine the zeta potential and associated 
properties for five crude oils that have not been investigated previously, 
using a consistent experimental method and conditions, allowing direct 
comparison and revealing a range of crude-oil dependent behaviour. In 
light of this, we test for any correlations between crude oil composition 
and zeta potential. Fig. 17 plots the zeta potential data obtained with 
pure NaCl and CaCl2 electrolytes as a function of the crude oil AN, BN 
and AN/BN ratio. A weak correlation is apparent between zeta potential 
and AN for both electrolytes, with zeta potential becoming more positive 
with increasing AN. There is no similar trend for BN, so the trend of zeta 
potential with AN/BN ratio follows the AN trend. The apparent sensi
tivity to AN is higher for the NaCl electrolyte than the CaCl2 electrolyte. 

We also test for relationships between oil properties and the linear 
Nernstein relationship between zeta potential and pCa observed in 
Fig. 14, plotting the gradient of the trendlines shown in Fig. 14 against 
the oil AN, BN and AN/BN ratio. The intercept of the trendlines with the 
x-axis in Fig. 14 is also plotted; the intercept correlates to IEP expressed 
as pCa. There is again an apparent correlation between the gradient, and 
the IEP, with AN (Fig. 18a): the gradient and IEP both increase with 
increasing AN. The correlation with BN is again less clear, with a weak 
trend for decreasing IEP with increasing BN and no apparent correlation 
with gradient (Fig. 18b). The trend with AN/BN ratio largely follows the 
AN trend but is dominated by the large AN/BN ratio for oil TT (Fig. 18b). 

5. Discussion 

5.1. Development of surface charge on crude oil in aqueous solution 

5.1.1. Adsorption of hydroxyl ion 
The development of surface charge on non-polar fluids in aqueous 

solution has been widely interpreted to arise in response to the strong 
affinity of the hydroxyl ion for interfaces between water and hydro
phobes [10,11,25,26,35,36,41,65,66,76,82]. Gray-Weale and Beattie 
[41] suggested that hydroxide ions are unusual because they reduce the 
relative permittivity of an electrolyte solution more than other mono
valent, monatomic ions, suppressing the dipole-moment fluctuations of 
nearby water molecules which leads to a force acting on the hydroxide 

Fig. 14. Zeta potential measurements as a function of pCa for all crude oils tested here. Dashed lines denote best fit linear regression to all data for a given crude oil, 
irrespective of total electrolyte ionic strength. Data extracted from Fig. 12. 
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ion that attracts it to regions of low permittivity. They used this model to 
reproduce the pH dependence of zeta potential (e.g. Fig. 3). Roger and 
Cabane [76] suggested that hydroxide adsorption at hydrophobic in
terfaces was energetically unfavourable and suggested instead that hy
droxide ions react with trace amounts of fatty acids. They used this 
model to explain the dependence of zeta potential and emulsion inter
facial area on subtle changes in oil purity. Creux et al. [25] suggested 
that hydroxide adsorption dominates until very low pH (2–3 in their 
experiments), at which point proton adsorption becomes sufficiently 
significant to yield positively charged hydrophobic interfaces. Uematsu 
et al. [88] show that interfacial adsorption of small inorganic ions such 
as the hydroxyl ion cannot account for the experimentally measured zeta 
potential of hydrophobic surfaces and suggest instead the presence of 
very small concentrations of interfacially active impurities (weak acids 
and basis) in the water. 

Whatever the underlying cause, the consistent behaviour observed 
for non-polar oils and other hydrophobes suggests the magnitude and 
polarity of the surface charge is controlled only by the electrolyte 
properties ([66]; Fig. 3) and the available data suggest that the con
centration of the hydroxide ion plays a key role [41,76]. However, 
adsorption of hydroxide ions alone cannot explain the dependence of the 
zeta potential on multivalent ion concentration (Fig. 5), which Dunstan 
and Saville [32] suggested to be caused by preferential solubility of ions 
in the interfacial region. Moreover, our collated data show that crude 
oils display far more variable zeta potential behaviour for given elec
trolyte pH, composition and ionic strength than non-polar oils. This 
variability suggests that properties of the crude oil also play a role in 
controlling the development of surface charge. 

5.1.2. Interfacially-active polar organic molecules 
Crude oils contain a broad range of non-polar, polarizable and polar 

organic species, including hydrocarbons, asphaltenes, resins, paraffins, 
sulfuric species and ash/residue [81]. The types and quantities of these 
species are highly variable across different crude oils. Fluid-fluid in
terfaces are dynamic in the sense that species can migrate from the bulk 
fluid to the interface and vice-versa [1,81]. Organic molecules may also 
partition into the aqueous phase and vice-versa. The interfacial region 
may therefore be highly complex and dynamic, and contain acid and 
base impurities derived from the crude oil itself that are interfacially- 
active [12,43,47]. 

Experimental data suggest asphaltenes and resins play an important 
role in stabilising aqueous emulsions of crude oil, and the wetting of 
solid surfaces by crude oil in aqueous solution, which suggests that these 
molecules are interfacially-active and contribute to the development of 
surface charge [1,16,17,33,54,83]. It has been suggested that asphal
tenes become electrically charged due to the dissociation of carboxylic 
acid groups and/or the protonation of hydroxyl and basic amine groups 
[1,16,18,30,54,83]. 

Asphaltenes are typically defined and measured as the proportion of 
crude oil components that are soluble in aromatic solvents but precipi
tate in alkane solvents [1]. Atomic force microscopy (AFM) data have 
been interpreted to suggest that asphaltenes in crude oil are adsorbed at 
the interface with an aqueous electrolyte, yielding more negative sur
face electrical charge as compared to asphaltene-free oil [79,80]. Solid 
asphaltenes, precipitated from crude oils, have been shown to develop 
surface charge in aqueous solution; the corresponding zeta potential is 
pH dependent and displays similar behaviour to that of crude oils: at low 
pH the zeta potential is positive and becomes increasingly negative with 
increasing pH [73,83]. However, bulk measurements of asphaltene 
content in crude oil yield little insight into interfacial properties; indeed, 
several studies have found that bulk asphaltene content is a poor indi
cator of emulsion stability and wetting behaviour [16,27,95]. The pro
portion of asphaltenes that are interfacially-active is unclear and may be 
highly dynamic: Chaverot et al. [19] estimate 0.015% of the bulk, whilst 
Yang et al. [95] suggest a much higher figure of 2%. Yang et al. [94] 
showed that interfacially-active asphaltenes have a higher molecular 

Table 3 
Gradient of the linear regression between zeta potential and pH or pPDI fitted to 
measured data close to the IEP, and the Stern layer capacitance calculated from 
the gradient using the simple Gouy-Chapman-Grahame model (Eq. (3.1)), for 
various crude and non-polar oils and aqueous electrolytes reported in the 
literature and for the new data reported here.  

Oil [source 
reference] 

Ionic 
strength 
(M) 

pH PDI Gradient 
(mV/ 
decade) 

Stern layer 
capacitance (F/ 
m2) 

Impact of pH in NaCl electrolyte (Figs. 2, 3): 
Moutray [Buckley 

et al. [18]] 
0.1   −10.5 0.16 

Moutray [Buckley 
et al. [18]] 

0.01   −24.5 0.17 

Moutray [Buckley 
et al. [18]] 

0.001   −37.3 0.13 

Leduc [Buckley 
et al. [18]] 

0.1   −12.7 0.21 

Leduc [Buckley 
et al. [18]] 

0.01   −24.6 0.17 

Leduc [Buckley 
et al. [18]] 

0.001   −38.6 0.14 

C9-C16 Alkanes 
[Stachurski and 
Michalek [82]] 

0.001   −19.0 0.04  

Impact of pCa and pMg (Figs. 4, 14): 
Moutray [Chow 

et al. [21]]  
10 Ca −23.3 4.51 

Moutray [Chow 
et al. [21]]  

4 Ca −6.37 0.72 

Crude Oil [Takeya 
et al. [85]]  

8 Ca −22.8 5.63 

Crude Oil [Takeya 
et al. [85]]  

10 Ca −18.5 4.11 

Crude Oil [Takeya 
et al. [85]]  

8 Mg −8.88 0.92 

Oil A [Takeya et al. 
[86]]  8 Ca −22.6 5.00 

Oil B [Takeya et al. 
[86]]  8 Ca −24.5 5.52 

Oil C [Takeya et al. 
[86]]  8 Ca −25.9 5.91 

Oil D [Takeya et al. 
[86]]  8 Ca −25.8 5.88 

Oil A [Takeya et al. 
[86]]  8 Mg −24.5 5.52 

Oil B [Takeya et al. 
[86]]  8 Mg −25.0 5.66 

Oil C [Takeya et al. 
[86]]  8 Mg −24.0 5.38 

Oil D [Takeya et al. 
[86]]  8 Mg −23.5 5.25 

Docosane 
[Dunstan & 
Saville [32]]  

N/ 
A Ca −9.30 0.78 

BD [This Study]  5.5 Ca −17.0 3.97 
BM [This Study]  5.5 Ca −17.2 3.54 
BG [This Study]  5.5 Ca −14.7 2.50 
TT [This Study]  5.5 Ca −11.9 1.54 
BP [This Study]  5.5 Ca −14.6 2.73  

Table 4 
Petrophysical properties of the substrates used in the SPM measurements.   

Fontainebleau 
(FB) 

Silane coated 
FB 

Oil and silane 
coated FB 

Length (cm) 7.6 7.6 7.6 
Diameter (cm) 3.7 3.7 3.7 
Porosity (%) 10 8 8 
Water Permeability 

(mD)/(m2) 
200/1.97 ×
10−13 

185/1.83 ×
10−13 50/4.93 × 10−14 

Oil Saturation (%) N/A N/A 20  
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weight and oxygen content than those in the bulk, suggesting the 
structure of the asphaltene may also be important in controlling inter
facial properties. 

It has also been suggested that acid and base hydrocarbon molecules 
(those with carboxylic acid or amine functional groups) are interfacially- 
active (e.g. [78]) and that these molecules can develop an electrical 
charge through dissociation and protonation of the acid and base groups 
respectively [18,30,33]. The interfacial behaviour of acidic hydrocarbon 
compounds has received comparatively more attention. The concen
tration of acids at the interface of crude oil in aqueous electrolytes has 
been shown to be higher than in the bulk [7,42]. Evidence of increased 
emulsion stability [43,77] and reduced oil-water interfacial tension 
(IFT; [47]) with increased bulk acid concentration further suggest acids 
are interfacially-active. Measured changes in oil-water IFT have also 
been interpreted to suggest that base hydrocarbon compounds are less 
interfacially-active than acids [12,48,69]. As with asphaltenes, it is 
unclear what proportion of bulk acids or bases will be interfacially- 
active for a given crude oil composition. 

5.1.3. Surface complexation models for the crude-oil surface in aqueous 
solution 

Motivated by these observations, several studies have developed 
surface complexation models (SCM) for crude-oil in aqueous solution, in 
which it is assumed that dissociation of acid groups and protonation of 
base groups present at the interface leads to the development of surface 
charge ([13,14,20,21,28,85]; reactions 1 and 2 in Table 6). These 
models further assume that acid sites can react with divalent cations 
([13,14,85]; reactions 3 and 4 in Table 6). Bonto et al. [13] noted the 
role of the hydroxyl ion in developing surface charge on non-polar oils 
and added a further reaction with so-called ‘weak sites’ that attempted 
to account for this (reaction 6 in Table 6). Despite this additional reac
tion, the fit to measured data was poor and additional reactions were 
added between acid sites and Na+ (reaction 5 in Table 6) and between 
the ‘weak’ sites and Na+, Ca2+ and Mg2+ (reactions 7–9 in Table 6). 
Bonto et al. [13] pointed out that these additional reactions need to be 
tested in experiments, but their inclusion improved the model fit to the 

experimental data of Buckley et al. [18] and Kolltveit [55] shown in 
Fig. 2. 

SCMs based on the reactions shown in Table 6 predict that surface 
acid sites and divalent cations are pH dependent, consistent with 
measured zeta potential data (Fig. 4). Fig. 19a and b show the predicted 
proportion of negatively-charged, neutral and positively-charged sur
face acid sites as a function of pPDI and pH. Plot (b) shows the impact of 
varying pCa whilst plot (c) shows the impact of pMg for two different 
values of pH. The curves are similar for both cations due to the similarity 
of the equilibrium constants (Table 6). At pH 4, only a small fraction of 
the surface sites are negatively charged across the range of pCa or pMg 
(pPDI). Almost all sites are neutrally charged at high pPDI and a fraction 
of these become positively charged as pPDI decreases. Conversely, at pH 
7, most of the sites are negatively charged at high pPDI whilst some are 
neutrally charged. This is consistent with the more negative zeta po
tential data at pH 7 compared to pH 4 observed in the low pPDI range 
(Fig. 4). Decreasing pPDI results in an increasing proportion of the 
surface sites becoming positively charged, consistent with increasingly 
positive zeta potential (Fig. 4). The proportion of sites that are positively 
charged changes over a much broader pPDI range at pH 7 than pH 4, 
indicating increased sensitivity of the surface charge to divalent cations 
at higher pH. 

A key problem with such SCMs for crude-oil in aqueous solution is 
determination of the surface site density. Adsorption of hydroxyl ions 
has been interpreted to yield a surface site density of ca. 3/nm2 irre
spective of the oil (e.g. [26]) and this value was used for the ‘weak’ sites 
in the SCM of Bonto et al. [13]. However, the density of acid and base 
sites is poorly constrained. Some approaches have adjusted the acid and 
base site density as part of the match to experimental data (e.g. [18,21]); 
others have attempted to predict the surface site density using bulk oil 
properties such as AN and BN (e.g. [13]). The presence of acid and base 
sites at the interface is plausible, given the evidence that these species 
are interfacially-active. However, the site density is unlikely to be con
stant at dynamic fluid-fluid interfaces even for a given crude oil; 
moreover, the distribution of acid and base species may be affected by 
the development of an EDL on the crude-oil side of the interface, in 
which case the surface site density may depend on the electrolyte 
properties in addition to the oil properties. 

The zeta potential data collated here highlight some key features that 
models for the development of surface charge on crude oil must capture. 
First, different crude oils return different values of zeta potential for 
given values of pH, divalent ion concentration and total electrolyte ionic 
strength; they also show different sensitivity to variations in pH and ion 
concentration. Furthermore, crude oil zeta potentials and their sensi
tivity to pH and electrolyte composition are different to those observed 
using non-polar oils and other hydrophobes. The variability across 
different crude oils is in marked contrast to the consistent behaviour 
observed for non-polar oils; taken together, the evidence suggests that 
controls on the development of charge on the crude oil surface in 
aqueous solution are not restricted to the properties of the electrolyte, as 
has been suggested for non-polar oils, but also depend on properties of 
the crude oil [33,85,86]. 

Second, crude oils consistently show close-to-linear (Nernstian) 
variation in zeta potential with pH and pCa, close to the IEP. Non-polar 
oils also show close-to-linear behaviour; however, the Stern layer 
capacitance, interpreted using the simple GCS model, is consistently 

Table 5 
Bulk fluid properties for the crude oils used in this study.  

Oil Acid number (mgKOH/g) Base number (mgKOH/g) Saturates (%) Aromatics (%) Resins (%) Asphaltenes (%) Total resins + asphaltenes (%) 

BM 0.01 2.00 16.8 50.0 23.2 7.10 30.2 
BG 0.05 0.60 22.0 41.0 20.0 17.0 37.0 
BP 0.19 2.60 30.0 34.0 25.0 11.0 36.0 
BD 0.20 1.80 43.5 46.0 10.1 0.40 10.5 
TT 0.34 0.41 48.4 48.1 2.80 0.70 3.50  

Table 6 
Surface complexation reactions (SCM) and associated equilibrium constants 
used by Bonto et al. [13] to model experimental zeta potential data for crude oils 
in aqueous electrolytes.  

Reaction 
number 

Surface site Reaction Log 
(k) 

1 
>NH 
(Amine Base) >NH + H+ → > NH2

+ 7.27 

2 

>COOH 
(Carboxylic 
Acid) 

>COOH → > COO− + H+ −4.62 

3 
>COOH + Ca2+ → > COO- Ca+ +

H+ −3.30 

4 >COOH + Mg2+→ > COO-Mg+ +

H+ −3.30 

5 
>COOH + Na+ → > COO-Na +
H+ −3.40 

6 
>wOH 
(Weak Non- 
Polar) 

>wOH → > wO− + H+ −6.23 
7 >wOH + Na+ → > wO-Na + H+ −5.70 
8 >wOH + Ca2+ → > wO-Ca+ + H+ −4.60 

9 >wOH + Mg2+ → > wO-Mg+ +

H+ −4.60  
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larger for crude oils as compared to non-polar oils and is also variable 
across different crude oils for similar electrolyte pH and/or divalent ion 
concentration. These data suggest that the density of immobile excess 
charge at the crude oil interface is higher than for non-polar oils; this 
excess charge may be adsorbed on the crude oil surface (e.g. [14]) and/ 
or be preferentially less soluble in the interfacial region (e.g. [32]) and/ 
or reflect the presence of interfacially-active impurities in the water that 

could be derived from the oil (e.g. [88]). 
Third, crude oils show charge inversion in NaCl electrolytes at low 

pH, and in CaCl2 electrolytes at low pCa, switching from negative to 
positive values with decreasing pH and pCa. Charge inversion in these 
electrolytes has not been observed for non-polar hydrocarbons; Creux 
et al. [25] observed positive zeta potential for octane, decane and 
dodecane in aqueous solution, with the IEP in the range pH 2–3, but no 

Fig. 15. Examples of the zeta potential distributions obtained from Zetasizer measurements on oil-electrolyte emulsions. (a) Oil TT; Mean = −31 mV; Std. dev. = 7.5 
mV (b) Oil TT; Mean = −30 mV; Std. dev. = 7.2 mV (c) Oil BG; Mean = −27 mV; Std. dev. = 155 mV (d) Oil BP; Mean = −34 mV; Std. dev. = 70 mV (e) Oil BM; 
Mean = −25 mV; Std. dev. = 15 mV (f) Oil BP; Mean = −57 mV; Std. dev. = 21 mV. 

H. Collini and M.D. Jackson                                                                                                                                                                                                                 



Advances in Colloid and Interface Science 320 (2023) 102962

19

NaCl was added to their pure water electrolyte, so their data cannot be 
directly compared to those shown in Fig. 3. Dunstan and Saville [32] 
observed positive zeta potential on docosane in AlCl3 electrolyte, but 
there are no comparable data for crude oils. 

Finally, the new measurements of zeta potential reported here sug
gest a weak correlation between zeta potential and the AN of the crude 
oil for both NaCl and CaCl2 electrolytes (Fig. 18). The apparent sensi
tivity to AN is higher for the NaCl electrolyte than the CaCl2 electrolyte; 
the IEP in CaCl2 electrolytes (expressed as pCa) also correlates with AN, 
as does the gradient of the linear regression between zeta potential and 
pH (NaCl electrolytes) and pCa (CaCl2 electrolytes). These findings are 
consistent with the evidence that crude oil properties also control the 
development of surface charge in aqueous solution, and that polar acid 
species in crude oil are interfacially-active [86]. However, AN and BN 
are bulk properties and may have a weak or variable relationship with 
interfacial properties and presence and type of surface sites [86]. 

5.2. Measurement of crude oil zeta potential on wetting layers using the 
SPM 

The zeta potential data obtained here on wetting crude oil layers 
using the SPM are consistent with the three main trends observed in 
previously published data obtained using the EPM and crude-oil emul
sions (i) the zeta potential of the crude oil-electrolyte interface is typi
cally negative at pH > 5 (ii) the magnitude of the zeta potential 
decreases with increasing ionic strength, and (iii) addition of Ca2+ yields 
a more positive zeta potential, with a strong linear correlation observed 
between the zeta potential and pCa indicating Nernstian behaviour. 
Fig. 20 directly compares the new data with the published data shown in 
Fig. 4. The gray shaded region represents the new data bounded by the 
steepest trendline (Oil BM) and the shallowest trendline (Oil TT). The 
small black crosses represent the individual data points in Fig. 14. 

The new data show similar behaviour to those obtained previously, 
although it should be noted again that the data reported here were ob
tained at several different values of constant ionic strength, fixed by 
adjusting the concentration of Na+, whereas the ionic strength of the 
published data increases with decreasing pCa. The new data were also 
obtained at higher ionic strength (up to 2 M) than previous studies; 
moreover, at pH 5–6, the new data occupy a parameter space that has 
been little explored previously, between low pH (pH 4) and high pH (pH 

> 7), that is relevant to many natural subsurface environments. 
The data show that the sensitivity of the crude oil surface to Ca2+ is 

more significantly impacted by pH than the concentration of Na+, with 
the sensitivity of the crude oil surface to Ca2+ increasing with increasing 
pH, consistent with the predictions of the few SCMs for crude oil as 
discussed in the previous section (Fig. 19). The data also show signifi
cant variability across different crude oils, with weak correlations be
tween zeta potential and AN, and between IEP and AN as discussed in 
the previous section (Figs. 17, 18). 

The consistency between the new data and previous results obtained 
using the EPM method suggest that controls on the zeta potential on the 
crude oil interface are similar, irrespective of whether the oil comprises 
droplets in an emulsion, or a wetting layer or film on a solid surface. 

5.3. Implications for the behaviour of crude oil in industrial and natural 
processes 

The zeta potential of the crude oil interface plays an important role in 
controlling the stability of oil-in-water emulsions (e.g. [45,93,96]), the 
wetting behaviour of crude oil on solid surfaces in the presence of 
aqueous electrolytes (e.g. [17,18,44,51]), and on the electrokinetic 
response of crude oil (e.g. [56]). The data reported here allow the impact 
of electrolyte composition on crude oil zeta potential to be estimated, 
although there are still significant gaps in data and understanding. The 
range of electrolyte compositions and experimental conditions remains 
limited and needs to be substantially expanded to cover a wider variety 
of industrial and natural systems. Data exploring the impact of divalent 
ions beyond Ca2+ and Mg2+, complex electrolytes containing a mixture 
of ionic species, and conditions of elevated temperature, are still 
required. A key remaining uncertainty concerns the effect of crude oil 
composition, and the relationship between bulk and interfacial oil 
properties. 

The wetting behaviour of crude oil is of particular importance in 
remediation of contaminated soils and rocks, and in oil production from 
subsurface reservoirs. One approach to recover this oil is to inject water 
into the contaminated rock or reservoir, which displaces the oil towards 
production boreholes. Numerous studies have suggested that the effi
ciency with which the oil is recovered is impacted by the composition of 
the injected water (see Jackson et al. [51] and [9] for reviews). It has 
been suggested that oil recovery is higher if the injected water modifies 

Fig. 16. Comparison of streaming potential measurements and Zetasizer measurements of the zeta potential of Oil TT as a function of pCa. SPM data extracted from 
Fig. 12. Dashed line denotes linear fit to all data. 
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the zeta potential at the mineral interface in such a way that it increases 
the electrostatic repulsion between the crude oil and mineral interfaces 
[24,49]. For example, if the crude oil interface is negatively charged, 
then the water composition should be chosen to make the zeta potential 
at the mineral interface more negative, and vice-versa. However, as we 
show here, the water composition will also modify the zeta potential on 
the crude-oil surface, so this must be accounted for when identifying the 

optimum composition for injection. Previous studies have neglected this 
important consideration, assuming the zeta potential of the oil main
tains the same polarity, irrespective of the water composition. High 
concentrations of Ca2+ and/or low pH can yield positive zeta potential 
on the crude oil interface. Other divalent ions and combination of 
divalent ions on complex natural or engineered brines may also yield a 
positive crude oil zeta potential. 

Fig. 17. Zeta potential data obtained using NaCl (plots a, c, e) and CaCl2 (plots b, d, f) electrolytes of varying ionic strengths plotted against (a, b) the AN of the oil, 
(c, d) the BN of the oil and (e, f) the AN/BN ratio of the oil. Dashed lines denote linear fit to the data, chosen in the absence of a strong theoretical basis to support 
higher order regressions. Data extracted from Fig. 12. 
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Fig. 18. The gradient of the trend line fitted to the data for each crude oil in Fig. 14, and the associated IEP expressed as pCa, plotted against the measured (a) AN, (b) 
BN and (c) AN/BN ratio of the crude oils. Dashed lines denote linear fit to the data, chosen in the absence of a strong theoretical basis to support higher order 
regressions. 
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Removal of crude oil from contaminated rocks and soils can be 
achieved by the application of electrical fields, in a process termed 
electrokinetic remediation (e.g. [56]). Remediation can be applied with 
a static electrolyte saturating the pore-space, in which case the only 

cause of ion transport is application of the electric field. Remediation 
can also be applied with an electrolyte flowing through the pore-space, 
in which case ion transport is caused by application of the electric field 
and flow of the electrolyte. Remediation has been observed to be more 

Fig. 19. Surface complexation model of Bonto et al. 
[13] (Table 6) showing (a) the proportion of surface 
acid sites that are negatively charged, and base sites 
that are positively charged, as a function of pH, and 
(b) and (c) the proportion of surface acid sites that are 
positively charged, neutral or negatively charged as a 
function of (b) pCa and (c) pMg. In (b) and (c), solid 
lines represent neutral acid sites; dot-dashed lines 
represent negatively charged acid sites and dashed 
lines represent positively charged acid sites; black 
lines represent pH 4 and red lines pH 7. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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effective in the flowing application. The flowing electrolyte can be 
chosen to have a different composition to the initial resident electrolyte. 
The crude oil zeta potential is an important parameter required for the 
design and modelling of such processes yet the parameter space avail
able is currently limited to identify the optimum electrolyte composition 
to maximise the amount of crude oil that is remediated from contami
nated zones. 

6. Conclusions 

- The zeta potential of crude oil emulsions in aqueous solution de
pends on pH, with higher pH yielding more negative zeta potential 
and lower pH yielding less negative, or positive, zeta potential. The 
experimentally-determined IEP in simple NaCl electrolytes lies in the 
pH range 3–5 for the range of crude oils reported. Close to the IEP, 
the zeta potential varies linearly with pH, consistent with simple 
Nernstian behaviour of the crude oil interface in aqueous solution. 
The sensitivity of the zeta potential to pH decreases with increasing 
ionic strength in simple NaCl electrolytes.  

- The zeta potential of crude oil also depends on the concentration of 
divalent Ca2+ and Mg2+ ions, with higher pCa and/or pMg yielding 
more negative zeta potential and lower pCa and/or pMg yielding less 
negative zeta potential. Positive zeta potential at low pCa and pMg 
(expressed generally as pPDI) has been observed for some crude oils, 
and the experimentally-determined IEP expressed as pPDI lies in the 
range 0–1 for the range of crude oils reported. Close to the IEP, 
expressed as pPDI, the zeta potential varies linearly with pPDI, again 
consistent with Nernstian behaviour of the crude oil interface in 
aqueous solution.  

- The sensitivity of the zeta potential to pCa and pMg decreases with 
decreasing pH and/or increasing total ionic strength in simple CaCl2 
and MgCl2 electrolytes. The sensitivity to pCa is higher than the 
sensitivity to pMg. The impact of other multivalent ions on the zeta 
potential of the crude oil surface has not been tested, although such 
ions are often present in natural brines and engineered electrolytes.  

- Only a few studies have measured the zeta potential of crude oils in 
complex, high ionic strength electrolytes or at elevated temperature. 
Experimental data exploring the effect of temperature on the zeta 
potential of crude oil in aqueous solution are too sparse and con
tradictory to allow firm conclusions to be drawn.  

- Compared to non-polar oils, crude oils return a far broader range of 
zeta potential for given values of pH, divalent ion concentration and 
total electrolyte ionic strength; they also show a broader sensitivity 

to variations in pH and divalent ion concentration. The variability 
across different crude oils is in marked contrast to the consistent 
behaviour observed for non-polar oils.  

- New zeta potential data reported here suggest a weak relationship 
between zeta potential and the acid number of the crude oil for both 
NaCl and CaCl2 electrolytes but published data show no clear or 
consistent relationships between zeta potential and bulk oil proper
ties such as acid or base number (AN or BN).  

- The development of electrical charge at the interface of non-polar 
oils and other hydrophobes in aqueous solution has been inter
preted to represent preferential adsorption of the hydroxide ion and 
to depend only on the electrolyte properties. However, the data 
compiled here suggest that charge development on the crude oil 
surface also depends on properties of the crude oil, such as the 
presence of interfacially-active polar organic molecules such as 
asphaltenes and resins. The role of these polar molecules in con
trolling the development of surface charge remains a key question.  

- The zeta potential of wetting crude oil layers in aqueous electrolytes 
shows consistent behaviour with that obtained on emulsions of the 
crude oil and can be measured using the streaming potential method 
(SPM) by preparing a strongly oil-wet porous substrate in which the 
solid surfaces are coated with crude oil. Data obtained using the SPM 
are comparable to that obtained using conventional electrophoretic 
potential methods on emulsions (EPM). 
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