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Natural brines are extensively produced or used across an array of industries, ranging from oil and gas,
geothermal, mining and chemicals to water treatment, desalination, and food industries. Various operational
challenges arise when working with these brines, such as corrosion issues, equipment compatibility, or process
optimization, highlighting the need for accurate estimation of their key physical properties, specifically density,
viscosity, and diffusivity. The direct measurement of these properties often proves to be a formidable task,
promoting the adoption of the estimation models as a practical solution. These predictive models find their
relevance in a wide spectrum of domains, including corrosion analysis, carbon capture endeavors, geothermal
energy recovery, critical mineral mining, desalination, and water treatment. The present review critically
evaluates widely cited and publicly available models for density, viscosity, and diffusivity of dissolved species in
brines. The performance of these models is assessed based on their validity range, accuracy, and ease of
implementation by comparing them with experimental data from literature as a benchmark. Furthermore, the
values for diffusivity of multiple species at 25°C and infinite dilution in water are reevaluated. For more accurate
estimation of diffusivity at various temperatures and salt concentrations, new coefficients are introduced for
selected species. As an illustrative example, the contribution of these three properties to the prediction of
electrochemical limiting current density, a crucial parameter with applications in diverse research and industrial
fields, is systematically analyzed by comparing calculated values with measurements in aqueous NaCl solutions.
The results indicate that accuracy of estimating diffusivity in brines outweighs the significance of estimating
solution density and viscosity in limiting current density calculations.

1. Introduction

Natural brines can be produced or utilized in diverse processes across
industries such as oil and gas [1-4], geothermal [5,6], mining [7,8],
chemicals [9,10], water treatment and desalination [11,12], as well as
food processing [13-15]. To take one example, in the oil and gas sector,
brines (known as produced waters) are generally recovered during hy-
drocarbon extraction from both conventional and unconventional oil
and gas wells. There are reports that on average for every barrel of crude
oil extracted from conventional oil reservoirs, between 7 to 10 barrels of
brine are produced [1,16-19]. This amount is usually lower for gas
reservoirs. The amount of produced water in primary production in-
creases over time when reservoirs deplete and this amount can be even
higher if secondary or tertiary recovery methods are used, reaching as
high as 100 barrels of brine for every barrel of 0il [19,20]. In the United
States, for instance, around 2.5 billion gallons of produced water was
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extracted alongside oil and gas every day in 2018 [20]. In another
example — the geothermal industry, depending on the geothermal
resource characteristics, efficiency of the power plant, and the design of
the geothermal system, on average between 200 to 1000 gallons of brine
per hour is required to generate 1 megawatt of electricity [21-23].
Dealing with natural brines introduces a range of operational chal-
lenges such as corrosion issues, equipment compatibility, process effi-
ciency and optimization, environmental concerns, etc. in various
industries. Taking the two previously mentioned examples into account,
the oil and gas industry faces a continuous concern with corrosion
damages to metallic parts and equipment exposed to brines [24,25]. To
effectively address this concern, corrosion rate prediction models serve
as essential tools for producers and operators, enabling them to select
suitable materials, optimize operational conditions, and implement
timely and effective corrosion mitigation strategies. In order to develop
accurate corrosion rate prediction models suitable for natural brine
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Electrochimica Acta 477 (2024) 143766

The evaluated density models for aqueous NaCl solutions and their range of validity.

Density model Validity range

Temperature (°C)

Pressure (bar) NaCl concentration

Novotny and Sohnel [45,46] 0-100
Batzle and Wang [41] 0-350
Rogers and Pitzer [43] 0-300
Driesner [51] 0-1000
Mao and Duan [52] 0-300

N/A 0O-saturation

1-981 0-5.4 m (0-24 wt.%)
1-1000 0-5 m (0-22.6 wt.%)
1-5000 0-1 Xyac1

1-1000 0-6 m (0-26 wt.%)

m is molality, wt.% is salt weight percent, and Xy,c is NaCl mole fraction.

environments, it is essential to determine key physical properties of the
brines, naming solution density, solution viscosity, and diffusivity of
dissolved species. Furthermore, these properties hold equal significance
in the geothermal industry. The density of brine affects its buoyancy,
which in turn influences its circulation within geothermal reservoirs.
Viscosity directly impacts heat transfer efficiency within geothermal
systems and diffusivity of dissolved species influences the distribution of
heat, minerals, and other components in the geothermal reservoir.

Measuring solution density, solution viscosity, and diffusivity of
dissolved species accurately can be challenging and impractical and
often it is found that their in-situ values differ from those measured at
sampling ports or in laboratory settings. An alternative approach that is
fast, easy, and cost-effective is to use models to calculate these param-
eters under the specific operational conditions of interest. The main
challenge lies in finding accurate, yet straightforward models that can
cover a wide range of operational conditions, such as temperature,
pressure, and chemical composition, ensuring their applicability in real-
world scenarios. When addressing corrosion issues, this very challenge
appears to be the reason why the majority of aqueous corrosion models
found in the open literature or even available commercially are based on
models developed specifically for pure water or very dilute salt solu-
tions, as there are more experimental data and models available for
these systems compared to the concentrated brines [26-31]. However, it
is important to note that brines typically have salinity levels exceeding 3
wt.% [19,32-34]. For example, half of the conventional oil wells in the
USA produce brines containing more than 10 wt.% salt [35]. Therefore,
using suitable models to estimate the physical properties of brines is
crucial for ensuring the reliability of corrosion modeling efforts.

The following text provides a critical review and comparison of
publicly available models that describe density and viscosity of
concentrated aqueous salt solutions as well as diffusivity of dissolved
species in such solutions. The objective was to identify the most suitable
models based on their range of validity, accuracy, and ease of imple-
mentation for each physical property. To validate these models, they
were combined and tested by comparing them against electrochemical
measurements in aqueous solutions. However, the models discussed in
this article are applicable beyond aqueous corrosion modeling in the oil
and gas industry. They can be effectively utilized in various fields such
as carbon capture, utilization and storage, geothermal energy recovery,
lithium and other critical mineral mining, as well as desalination and
water treatment.

It is important to note that the models presented below are specif-
ically tailored for aqueous NaCl solutions, given that NaCl is the pre-
dominant dissolved salt in natural brines [32,36-38]. For example, on
average, about 80 % of total dissolved solids in produced water and
geothermal brines is NaCl [35,39]. However, a similar approach can be
employed to extend the applicability of the models to encompass other
commonly found salts such as calcium chloride, magnesium chloride,
and magnesium sulfate.

2. Review and validation of models for density of aqueous NaCl
solutions

When salt, such as NaCl, is added to water, the salt crystal dissolves
in water as a result of stronger interactions (forces) between ions and
water molecules (solvent) compared to the interionic forces within the
salt crystal [40]. The resulting dissociated ions become surrounded by
water molecules. This phenomenon is termed hydration or, more
broadly, solvation. The mass of solution increases to a greater degree
than its volume due to the higher density of salt relative to water. As a
result, the solution density increases with a rise in salt concentration.
There are several models in the literature for calculating the density of
aqueous NaCl solutions [41-52]. Some of these models are empirical in
nature [41,42,45-47], while others are semi-empirical [43,44,48-52].
In some cases, the calculation of pure water density is a prerequisite for
determining salt solution density, necessitating a separate model [43,44,
47-49,51]. Multiple models are available in the literature for calculating
density of pure water [53-55,41,56-58].

In the following review, five well-recognized density models for
aqueous NaCl solutions are compared against each other and experi-
mental data in order to assess their performance. The name of these
models and their validity range are listed in Table 1. The first two
models are purely empirical using simple equations. However, the
remaining three models adopt a semi-empirical approach, entailing
more intricate calculations. All models except the Novotny and Sohnel
[45,46] model express solution density as a function of temperature,
pressure, and NaCl concentration, whereas, the Novotny and Sohnel [45,
46] density model is just a function of temperature and NaCl concen-
tration. Fig. 1 offers a performance comparison of these models across a
range of temperatures, pressures, and NaCl concentrations frequently
encountered in practical scenarios. At lower temperatures (Fig. 1a and
c), all five models exhibit satisfactory accuracy across the entire spec-
trum of NaCl concentrations. However, as temperature rises (Fig. 1b, d,
and e), the Mao and Duan [52] model begins to overpredict experi-
mental density values for NaCl concentrations exceeding approximately
15 wt.%. A similar trend is observed with the Novotny and Sohnel [45,
46] model at temperatures surpassing 100°C (Fig. 1d), as anticipated
considering its validation range up to 100°C.

Table 2 provides an overview of each model’s performance under
different conditions, evaluated in terms of the root-mean-square error
(RMSE), with an overall assessment provided. A lower RMSE signifies a
higher level of model accuracy. The Rogers and Pitzer [43] model
demonstrates the highest accuracy, closely trailed by the Driesner [51]
model. The Rogers and Pitzer [43] model has a high degree of
complexity, characterized by numerous equations and parameters.
Similarly, the Driesner [51] model maintains a comparable level of
complexity when adhering to its recommended approach for calculating
pure water density—the IAPS-84' equation of state [54]. However,

1 IAPS stands for the International Association for the Properties of Steam,
which later changed its name to the International Association for the Properties
of Water and Steam (IAPWS).
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Fig. 1. Comparison between calculated (lines) and experimental (dots) density values for aqueous NaCl solutions at (a) 1 bar and 25°C, (b) 1 bar and 100°C, (c) 100
bar and 25°C, (d) 20.26 bar and 100°C, and (e) 20.26 bar and 200°C. Pressures are total pressure. Experimental data are taken from [47,59-64].

Table 2

The root-mean-square error (RMSE?) x 1000 for the five models at different conditions. N represents the number of experimental data points against which the models

were compared.

Conditions N RMSE
Novotny and Sohnel [45,46] Batzle and Wang [41] Rogers and Pitzer [43] Driesner [51] Mao and Duan [52]

1 bar, 25°C 32 0.43 1.55 0.24 2.10 2.10
1 bar, 100°C 21 0.75 4.48 0.68 1.17 4.62
100 bar, 25°C 24 3.18 1.98 2.19 3.20 2.63
20.26 bar, 100°C 16 1.12 3.86 0.13 0.32 2.77
20.26 bar, 200°C 12 5.50 2.59 0.31 0.44 8.07
All conditions 105 2.48 2.94 1.10 1.71 4.07

simplification is possible by substituting a validated simple pure water
density model for the IAPS-84 model, effectively reducing the intricacy
of the Driesner [51] model. The Batzle and Wang [41] model shows
strong accuracy across the entire tested range. The Batzle and Wang [41]
model is a suitable option for various field applications, where accuracy
and ease of replication are essential. Comparatively, the Novotny and
Sohnel [45,46] model is even simpler than the Batzle and Wang [41]
model and remains valid up to 100°C, which is suitable for many
practical applications. Another advantage of the Novotny and Sohnel
[45,46] model is its applicability to over 300 inorganic salt solutions.
Particularly for situations involving temperatures below 100°C, which is
the norm in most aqueous scenarios, the Novotny and Sohnel [45,46]
model proves to be a reliable and effective choice for calculating NaCl
solution density.

Examining NaCl solution density across different pressures in Fig. 1,

2 RMSE=1/>"", (i
the calculated value and m; is the measured value for observation i.

mi)2 /n, where n is total number of observations, p; is

it becomes evident that pressure exerts a negligible impact on solution
density. This is easily understandable due to water’s near-
incompressible nature, preventing pressure from altering the solution
volume and consequently its density.

3. Review and validation of models for viscosity of aqueous
NacCl solutions

Viscosity is a key factor in how fluids flow, and its variations can
have a significant effect on the flow regimes. Furthermore, fluid vis-
cosity is related to the diffusivity of dissolved species in the fluid [65].
This point will be discussed in some more details further below. The
viscosity of Newtonian fluids like water and aqueous solutions is a
strong function of temperature and to a lesser extent, total pressure. It is
also affected by the presence of dissolved species such as salts and gases.
In corrosion modeling, since both the flow regime (which primarily
depends on the Reynolds number), and the mass transfer rates (which
depends on both the Reynolds number and the Schmidt number) affect
the rate of corrosion, calculating viscosity as a function of temperature
and aqueous solution composition needs to be addressed carefully. In
the geothermal industry, viscosity directly affects how efficiently heat is
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transferred within geothermal systems. A higher viscosity can impede
fluid movement and subsequently hinder the transfer of heat from the
reservoir to the surface. In carbon capture and storage (CCS), the brine
viscosity affects how easily CO2 can displace the brine during injection
into the subsurface, influencing the efficiency of the injection process.
Additionally, the viscosity of the brine can influence the sweep effi-
ciency, which is the extent to which the injected CO displaces resident
brine and occupies available pore spaces. Viscosity also influences the
speed and extent of fluid movement, which can impact how and where
potential leaks might occur within CO, storage formations.

The effect of temperature on pure water viscosity is well understood
and accurately described by various models [66-71], and this will not be
a focal point in the present review. Instead, the focus will be on models
that capture the effect of dissolved species, primarily NaCl salt, on the
viscosity of aqueous solutions. In the mid-19™ century, Poiseuille [72]
pioneered research on the effect of salt on water viscosity. Since then,
extensive research has been dedicated to this subject. Detailed historical
reviews can be found elsewhere [73,74]. Generally, when a salt, such as
NacCl, is added to an aqueous solution, the solution viscosity increases,
although there are some exceptions. The change in solution viscosity
with salt concertation can be explained by looking at the molecular
origin of viscosity.

Due to the polar nature of water molecules and the resulting bonds
(called hydrogen bonding) between the negative end of one water dipole
and the positive end of the other, water molecules form a three-
dimensional tetrahedral structure, with each oxygen atom in the water
molecule being surrounded by another four oxygen atoms with
hydrogen atoms in between. Hydrogen bonding creates a network of
interconnected molecules that resist shear deformation imposed by flow.
This resistance on a macroscopic level can be described by the concept of
viscosity. When a salt, for example NacCl, is dissolved in liquid water, it is
fully dissociated due to the interaction with the surrounding water di-
poles. The water dipoles in the immediate vicinity of the dissociated ions
are held tightly and are oriented in the electrical field created by the
ions. Between these oriented water dipoles and those farther away in the
bulk water, a group of water dipoles exists that is neither organized
according to the spherical electrical field imposed by the central ion, nor
can take up the usual tetrahedral arrangement favored by bulk water
dipoles. Overall, the molecular structure of water is changed in the
presence of salt ions, consequently affecting the resistance to flow and,
by extension, the viscosity of the solution.

When considering the impact of temperature on viscosity, the
structure of water molecules, created through hydrogen bonding be-
tween water dipoles and electrostatic ion-dipole forces, faces a consis-
tent challenge from the ongoing random thermal motion of water
molecules. As temperature increases, the more energetic thermal motion
weakens the water structure, resulting in a lower viscosity.

The presence of dissolved salts, can alter the viscosity of solutions in
either direction [75], depending on how the introduction of ions affects
the structure of water molecules. This phenomenon is best seen in dilute
solutions of alkali halide salts. For example, solutions of potassium
fluoride (KF) in water are more viscous than pure water, while solutions
of potassium iodide (KI) in water are less viscous than pure water. The
smaller F~ ion, which has a high hydration number, strengthens the
overall structure of water, whereas the larger I~ ion with a low hydra-
tion number, weakens the structure. Therefore, ions such as F~ are
called ‘structure making’ ions or osmotropes, and ions such as I~ are
called ‘structure breaking’ ions or chaotropes [75,76]. The situation can
become even more complicated as there are a few salts such as the
abovementioned KI but also KCI and CsCl that exhibit both behaviors
and can cause the solution viscosity to initially decrease (in dilute so-
lutions) and then increase with rising salt concentration, at low tem-
peratures [77-81]. More on how the variation in concentration of
different ions influences the solution viscosity can be found in a paper
published by Kwak et al. [81]. For the case of NaCl which is the focus of
this study, the solution viscosity monotonically increases as the
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concentration of NaCl increases.
The viscosity of dilute salt solutions is often modeled by the well-
known Jones-Dole equation [74] as follows:

Z—S:HA\/EH;C o))

W

where 7,, and 7, are the viscosities of pure water and salt solution,
respectively, c¢ is the molar concentration of solute (salt), and A and B are
constants specific to the solute. The second term on the right-hand side
of Eq. (1) is called the electrostatic term and is due to long-range
Coulombic ion-ion interactions, which tend to provide additional
structure to the electrolyte solution. Hence, constant A is zero for non-
electrolyte solutions and positive for electrolyte solutions. This elec-
trostatic term can often be neglected at moderate and high concentra-
tions of electrolytes, when it is overwhelmed by the third term, which is
called the structural effect and is a measure of ion-water interactions
[81]. Constant A can be calculated by an expression proposed by Fal-
kenhagen and Dole [82,83], while B is a solute dependent empirical
constant. The basic Jones-Dole Eq. (1) is only valid for relatively dilute
solutions, i.e., concentrations not more than 0.2-0.3 M [74,84,85]. For
applications at higher concentrations, extended versions of the
Jones-Dole equation have been proposed by Kaminsky and others
[84-871].

Alternate models have been developed to compute solution viscosity,
extending their applicability to a broader range of NaCl concentrations
[41,65,84,87-92]. From these, the three highly cited models: the Batzle
and Wang [41], the Kestin et al. [89,90], and the Mao and Duan [65]
models have been reproduced here and compared against experimental
data, to identify the most reliable one. The Batzle and Wang [41] model
is a simple empirical model, while the Kestin et al. [89,90] model is a
complex semi-empirical model. The Mao and Duan [65] model is an
extended version of the Jones-Dole [77] equation. Table 3 outlines the
ranges within which these three models are valid.

Fig. 2 shows the comparison between the three models at five
different experimental conditions, selected from the open literature.
This comparison aims to evaluate the accuracy of the models across a
broad range of temperatures, pressures, and NaCl concentrations
frequently encountered in practical scenarios. The original Jones-Dole
equation [74] is not included in the comparison, as in its original form
was not meant to cover the extensive range of conditions tested in this
study. Obviously, all three models capture the general trend correctly —
an increase in solution viscosity with increasing NaCl concentration. The
Batzle and Wang [41] model does not result in accurate viscosity pre-
dictions particularly in the middle range of NaCl concentrations and
relatively high temperatures. On the other hand, the Kestin et al. [89,90]
and the Mao and Duan [65] models predict viscosity values accurately
and almost identically for all five tested conditions. Yet, the Mao and
Duan [65] model proves to be more practical than the Kestin et al. [89,
90] model due to its simplicity in replication and, more importantly, its
broader coverage of operational conditions.

Comparing Fig. 2a with Fig. 2¢, and likewise, Fig. 2b with Fig. 2d,
indicates that the effect of pressure on viscosity of aqueous NaCl solution
is negligible, as anticipated. For temperatures below 100°C and NaCl
concentrations up to the point of saturation, the changes in viscosity
with increasing pressure from 1 bar to 100 bar is less than 0.5 % [41,84,
95]. However, an indirect effect of pressure on brine viscosity arises in

Table 3
Viscosity models examined for aqueous NaCl solutions and their applicable
validity ranges. m is molality and wt.% denotes salt weight percent.

Model Temperature (°C)  Pressure (bar) NaCl concentration

Batzle and Wang [41]  0-350 1-981
Kestin et al. [89,90] 20-150 1-350
Mao and Duan [65] 0-400 1-1000

0-5.4 m (0-24 wt.%)
0-5.4 m (0-24 wt.%)
0-6.0 m (0-26 wt.%)

m is molality and wt.% denotes salt weight percent.
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Fig. 2. Comparison of three viscosity models [41,65,89,90] for aqueous NaCl solutions. Dynamic viscosities at (a) 1 bar and 25°C, (b) 1 bar and 50°C, (c) 1 bar and
85°C, (d) 100 bar and 25°C, and (e) 100 bar and 50°C. Pressures represent total pressure. Points are experimental data obtained from [79,88,93-96], while solid lines

are calculated viscosities.

situations where high partial pressures of acid gases such as CO2 and H,S
exist. This phenomenon is frequently observed in domains such as oil
and gas production, geothermal applications, or CCS. The solubility of
these gases in aqueous solution increases at higher partial pressures,
resulting in a noticeable increase in the solution viscosity.

For example, in the context of corrosion models developed to date for
aqueous corrosion of mild steel piping systems and equipment, when
acid gases are dissolved in aqueous solutions, the solution viscosity is
assumed to remain unchanged and identical to that of an aqueous so-
lution without any dissolved gases [26,97-100]. This assumption might
be true at low partial pressures of acid gases (e.g., up to 10 bar) when
solubility of gases in the solution is relatively small. However, at high
partial pressures, neglecting the presence of dissolved gases in the so-
lution could lead to a substantial margin of error in viscosity predictions,
and thereby, mass transfer and corrosion rate calculations. In practical
applications within the oil and gas industry, CO-, partial pressure can be
very high. For instance, consider wellbores in conventional oil and gas
wells, where CO partial pressure might surpass 100 bar. Similarly, in
CO4, gathering systems, this pressure can peak at around 30 bar. In more
advance applications like COz-enhanced oil recovery (CO2-EOR), the
CO4, partial pressure within CO, transportation lines can be as high as
200 bar, with further increases as approaching the bottom of the in-
jection well [101,102]. Given these circumstances, it becomes prudent
to incorporate the influence of acid gas partial pressures into viscosity
models, particularly those pertinent to COs.

To that effect, the Islam and Carlson [92] stands as an extended
version of Mao and Duan [65] model, designed to predict the viscosity of
aqueous NaCl solutions in the presence of dissolved CO5. Compared to
the Mao and Duan [65] model, a simpler equation is used for calculating
the density of water in the Islam and Carlson [92] model, instead of the
IAPWS 1997 [57] equation used in the Mao and Duan model [65]. To
factor the effect of CO, on NaCl solution viscosity, Islam and Carlson
[92] correlated the viscosity of CO»-saturated aqueous NaCl solutions

with those containing no CO,. They suggested a correlation that is a
function of mole fraction of dissolved CO, in the solution. However,
comparing with the experimental data reported by Bando et al. [103]
and Fleury and Deschamps [104], it is found that Islam and Carlson [92]
equation® lacks a temperature dependency. To address this issue, a
modification is proposed here for the Islam and Carlson [92] equation as
follows:
—— (1 1465 x(c);81244T—3.3964> )
where, y, is viscosity of solution for the HyO-NaCl system, u,,; is vis-
cosity of solution for the HyO-NaCl-CO; system, T is the solution tem-
perature in K, and xco, is the mole fraction of dissolved CO, in the
solution. It is assumed that the concentration of other species in the
solution produced due to CO dissociation is negligible compared to the
concentration of dissolved CO. The average absolute deviation® from
the Bando et al. [103] experimental data for the newly proposed Eq. (2)
amounts to 1.18 %, lower than the 3.39 % derived from the original
Islam and Carlson [92] equation. When compared with the Fleury and
Deschamps [104] experimental data, the viscosity values calculated by
the new equation shows an average deviation of 3.62 %, outperforming
the 4.10 % deviation obtained by the original Islam and Carlson [92]
equation.

Therefore, an extension of the Islam and Carlson [92] to include the

3 The Islam and Carslon’s [92] equation is presented as a function of the
dissolved CO, mole fraction in their article. However, the calculated viscosity
values plotted in Fig. 7 of their article are reproducible when the mass fraction
of dissolved CO is used instead of the mole fraction. This contradiction appears
to be incorrect and misleading.

|Hexp—Heall : : :
el x 100, where p,,, is measured viscosity and

4 Absolute deviation=

Heq is calculated viscosity.
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effect of dissolved CO; via Eq. (2) is suggested as the recommended
approach for calculating the viscosity of aqueous NaCl solutions satu-
rated with CO4 gas. The validity range of the Mao and Duan [65] model
is 1°C < T < 350°C, 1 bar < P < 1000 bar, and 0 m < NaCl < 6 m and Eq.
(2) is expected to be valid for conditions up to 100°C, CO5 partial
pressure of 100 bar, and NaCl concentration of 6 m.

To assess the performance of the extended model, the effect of total
pressure and dissolution of CO5 gas on viscosity of aqueous NaCl solu-
tion is shown at 30°C and varying NaCl concentrations in Fig. 3. The
solid lines represent solution viscosity values obtained with the
extended model, Eq (2). Meanwhile, the dashed and dotted lines
correspond to solution viscosity values calculated using the Mao and
Duan [65] model. For CO saturated NaCl solutions at 30°C, only a few
experimental data points could be found in the literature. These data
points have been compared with the calculated viscosity values in Fig. 3.
In the absence of COs, the viscosity of NaCl solution is virtually the same
at all three total pressures over the entire NaCl concentration range. This
confirms that pressure has a minimal impact on solution viscosity [41,
84,95]. However, in the presence of CO,, the viscosity of NaCl solution is
higher owing to CO» dissolution. This rise in solution viscosity becomes
more pronounced with higher CO, partial pressures. For example, in
pure water (0 wt.% NaCl), the introduction of CO; at 100 bar increases
solution viscosity by around 12 %. At higher NaCl concentrations, the
viscosity gap between the COj-saturated solutions and those without
CO5 becomes smaller due to salting out of CO,, which has been
explained elsewhere [105,106].

When considering the presence of other gases in operational sce-
narios, it is reasonable to expect that the increase in solution viscosity
due to their dissolution would follow a similar pattern to what is
observed with CO,, once differences in solubilities are factored in. As an
example, take H,S gas, a common gas in the oil and gas and geothermal
fields. HyS dissolves in aqueous NaCl solutions approximately three
times higher than CO,. However, the typical partial pressures of HyS
seen in real field conditions are generally much lower in comparison to
COo, resulting in a proportionally smaller quantity of dissolved HsS in
the solution. Therefore, in many cases the effect of dissolved HyS on
viscosity of the aqueous solutions can be disregarded for the purpose of

NaCl concentration / mol/kg,, o

000  0.90 1.90 302 428 5.70
1'6 1 1 I 1 I 1
1= = 10bar, H,0-NaCl
1.5 4|—— 10 bar, H,0-NaCI-CO, .
Tl 50 bar, H,0-NaCl
o, 147 ——50bar, H,0-NaClCO, T
= qa3d 100 bar, H,0-NaCl |
2 100 bar, H,0-NaCI-CO,
8 121 o 100bar, H,0-NaClI i
@ o 100 bar, H,0-NaCI-CO,
> 114 -
S
€ 1.0 -
° -
9 094 .
0.8 i
0.7 T — T T T T T

0 5 10 15 20 25
NaCl concentration / wt.%

Fig. 3. The effect of pressure and dissolved CO, on dynamic viscosity of NaCl
aqueous solutions in an open system at 30°C. The solid lines are calculated with
a modified version of the Islam and Carlson model [92], Eq. (2). The dashed and
the dotted lines are obtained with the Mao and Duan [65] model. The experi-
mental data points are taken from [103].
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modeling.

4. Review and validation of models for diffusivity of dissolved
species in aqueous NaCl solutions

Diffusivity, also referred to as diffusion coefficient, of dissolved
species in aqueous electrolyte solutions holds immense significance for
calculating mass transfer rates in a wide array of applications such as
distillation, desalination, membrane and chemical separation process,
mixing process, hydrometallurgy, adsorption, coatings, geothermal
reservoir fluid-rock interaction, drug delivery, environmental moni-
toring and remediation, batteries, fuel cells, electrochemical devices and
sensors, and corrosion modeling. In many of the processes mentioned
above, particularly those involving heterogeneous reactions, diffusion of
aqueous species can be a determining factor for the rate of the process
[107]. Hence, precise insights into diffusivity behavior under varying
conditions is essential for accurately gauging the rate of such process
[108,109].

Obtaining diffusivity values can be achieved through two main ap-
proaches: direct measurements and the utilization of diffusivity models.
Diffusivity measurements are inherently laborious, time-consuming,
and expensive. The complexity of measurements escalates when multi-
ple dissolved species are present in the solution [110,111]. As such,
utilizing estimation models offers an appealing alternative to direct
diffusivity measurement. However, it is important to recognize that
most of these estimation models necessitate experimental data to cali-
brate their coefficients and constants.

Various techniques are available for measuring diffusivity of aqueous
species (ions, neutral, soluble gases) [112,113]. Some of these tech-
niques, the data of which is also used in this review, are: diaphragm cell
[114-119], stagnant diffusion cell [120-123], Gouy interferometric
[112,124], microfluidic channel [125,126], absorption onto wetted
wall-column [127-129] and sphere [130-132], absorption into laminar
[133-143] and annular [144] jets, absorption into a thin film [139,145],
diffusion in laminar flow in pipe [146-149], capillary electrophoresis
[143], mercury polarography [150-155], polarographic electrode [156,
1571, liquid droplet dissolution [158], collapse of stationary bubble
[159-162], spectrophotometric [163,164], electrical resistivity [165,
166], chronoamperometry [167], electrochemical limiting diffusion
current [168], and pulse-field gradient nuclear magnetic resonance
(PFG-NMR) [169]. It is essential to note that each of these techniques
carries inherent measurement errors [135,144,145,170,171] that must
be considered when utilized for model calibration. Among these
methods, PFG-NMR stands out as a relatively new approach for
measuring self-diffusion in aqueous solutions [172,173]. PFG-NMR of-
fers rapid measurements, demands minimal preparation, and utilizes
small sample volumes. Importantly, its application does not significantly
perturb the studied system. Unlike the isotopic tracer method, which is
influenced by interfering isotope effects, PFG-NMR measures the “true”
diffusivity. Additionally, PFG-NMR allows for the measurement of both
neutral and charged species in aqueous solutions across a wide range of
temperatures, pressures, and concentrations [171,174,175].

Calibrating models becomes particularly challenging when only
limited data is available for a specific species. Nevertheless, the process
of estimating diffusivity typically follows a two-step protocol: (1)
determining the effect of pressure and temperature on diffusivity, (2)
accounting for the effect of salt concentration on diffusivity. This has
been demonstrated in detail below.

Broadly, two distinctive types of diffusion processes can be identi-
fied: (1) self-diffusion, also called tracer diffusion, single-ion diffusion,
ionic diffusion, and (2) mutual diffusion, also referred to as interdiffu-
sion, concentration diffusion, salt diffusion. Self-diffusion is associated
with the random motion of individual species in a solution, where each
species has an equal opportunity to occupy any point within the total
space occupied by the solvent [176-178]. This form of diffusion carries
particular importance in processes involving aqueous electrolyte
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solutions and is the primary focus of this review. Hereafter, within the
text, the terms “diffusion” and “diffusivity” refer to self-diffusion.

The temperature and concentration dependencies of diffusivity can
be explored by considering the diffusion flux density (N;) as a function of
the gradient of chemical potential:

N; = —uic;Vy; 3

where, N; in mol/cm?/s is a vector quantity that indicates the direction
in which dissolved species i is diffusing in the solution with the
magnitude representing the number of moles of species i passing across a
plane of 1 cm? normal to the diffusion direction per second, u; is the
mobility of dissolved species i in cm®mol/J/s and represents the
average velocity of that species in the solution when a force of 1 N/mol is
applied to the species, c; is concentration of dissolved species i in mol/
em®, and u; is the chemical potential® of dissolved species i in J/mol. The
gradient (V) of chemical potential (Vy;) serves as the driving force for
the mass transfer. For a uniform mass transfer across the surface, the
gradient of chemical potential can be assumed to be non-zero in the
direction perpendicular to the surface (x), while being zero in the other
two directions. This assumption finds applicability in various processes
such as electroplating, electrolysis, battery charge and discharge cycles,
electrochemistry, corrosion, etc. Thus, for a one-dimensional domain in
the x direction, perpendicular to the surface, Eq. (3) can be simplified as
follows:
dp;

N,' = 7I/liCiE (4)

The thermodynamic definition of chemical potential can be pre-
sented in the subsequent manner:

W = }l? + RTln(yfci) 5)

where 4? is the standard chemical potential of species i at a given tem-
perature in J/mol in the molarity concentration unit system, R is the
universal gas constant in J/mol/K, T is temperature in K, ¢; is concen-
tration of species i in molarity (M), y{ is the molarity-based activity
coefficient of species i, and x represents the distance of species i from the
surface in cm. Substituting this definition into Eq. (4) yields [40]:

e (e 4 RTIn ()

N, = .
'dx
uic; d
= ———— (4% + RTIn(¥’c;
1000 i + RTin(rie)
G RTi( ”c)
= 7100075 dx i€
___w RT L@+cd}/§
= 71000 ¢ T T
w;RT dc;  w;RTc; dy§ ()
1000 dx  1000y¢ dx
_ 7!4,‘RT@ o le,'RTC,' %@
1000 dx 1000y dc; dx
. 7uiRT dc; " c; dy§
~ 1000 dx 76 de;
B uw;RT dc; 1 diny;
1000 dx dinc;

Finally, recalling the Fick’s first law of diffusion [40]:

5 In a broader perspective, the electrochemical potential (Fz;®), which results
in the mass transfer by electromigration can be added to the definition of the
chemical potential as follows: y; = p? + RTIn(yfc;) + Fz;®; however, the elec-
trochemical potential term gains significance in the context of dissolved ionic
species and is usually neglected in aqueous chemistry calculations, particularly
when no external electrical field is present.
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N; = —D—* @

where D; is diffusivity or diffusion coefficient of species i in cm?/s.
Expressing FEq. (7) in molarity concentration unit gives:6
D; dc;

Ni= 7000 ax ®

By equating Egs. (6) and (8), we obtain an expression for diffusivity:

D, = urr( 144 )
dinc;

Eq. (9) implies that, at a constant temperature, D; depends on the
mobility (u;) and activity coefficient (y{) of species i. Since y is a function
of concentrations of all the species in the solution [179,180], D; conse-
quently relies on the concentrations of all those species as well. How-
ever, in situations where species i is present in trace concentrations
within a strong electrolyte (salt) solution, such as NaCl, i.e., when ¢; is
much smaller than the concentration of dissociated salt ions (in this case
Cne+ and cg- ), it follows that y{ depends only on the concentration of salt
ions alone. If the dissociated salt ions are not electroactive (i.e., they are
not consumed or produced throughout the process) and their concen-
trations are uniform across the mass transfer domain, the
concentration-dependent term in Eq. (9), diny{ /dInc; approximates zero.
As a result, the diffusivity expression simplifies to [40,181]:

D; = u;RT (10)

Eq. (10) suggests that for strong electrolyte (salt) solutions, diffu-
sivity of any electroactive species is solely dependent on two factors:
species’ mobility in the solution, which is a function of salt concentra-
tion, and temperature. This scenario explained above is often not clearly
delineated in scientific literature when compared to situations where the
concentration of the dominant species within the solution is not uni-
form. Consider a case where salt is absent in the solution, but there are
high concentrations of electroactive species present. In cases like this, y{
depends primarily on concentrations of these electroactive species
rather than salt concentration. Because concentrations of electroactive
species change considerably in the mass transfer domain, the activity
term (dlny{/ dinc;) in Eq. (9) cannot be ignored. Another example is
when two solutions with different chemical compositions are separated
by a permeable membrane, and diffusion occurs on both sides across the
membrane. It’s essential to emphasize that the scope of this review fo-
cuses on solutions with uniform compositions. With this context in mind,
let’s delve into the literature that covers the dependance of diffusivity
(D) on temperature, pressure, and salt concentration.

4.1. Effect of pressure and temperature on diffusivity

The influence of pressure on species diffusion in a solution is typi-
cally minimal [122,126,169]. For species like Na' and Cl™ ions in
aqueous NaCl solutions, whose concentration remains unaffected by
pressure due to the constant volume of aqueous solutions across various
pressures, diffusivity remains steady regardless of pressure changes.”
However, species like CO, and H,S, whose concentrations are
pressure-sensitive, experience higher diffusivity at elevated pressures,
driven by increased concentrations in the solution [182]. On the other
hand, as discussed earlier in this review, the dissolution of gases like CO,
and H,S in water can elevate solution viscosity and this elevated vis-
cosity, as will be shown shortly, hampers diffusivity. This sets up a

® In the outlined derivation, two concentration units are employed: ¢; in
molarity and c; in mol/cm?, ensuring unit consistency across Eqs. 4, 5, and 7.
Notably, the literature frequently overlooks this crucial unit consistency aspect.
7 For pressures above the vapor saturation pressure of the solution.



F. Madani Sani and S. Nesic

delicate equilibrium between the enhancement of diffusivity due to
higher concentration and the reduction of diffusivity due to increased
viscosity. Consequently, the diffusivity of species like CO5 and HsS re-
mains relatively constant across different pressure conditions. This
statement is supported by Fig. 4, which shows the diffusivities of dis-
solved CO5 and HsS in water under varying pressure.

Temperature has a great influence on diffusivity. In search for an
expression that describes the temperature effect, several models can be
found in the literature [183-186]. The simplest of these models is given

Electrochimica Acta 477 (2024) 143766
by the Stokes-Einstein equation [108,187,188], which relates species
diffusivity to temperature and solution viscosity:

kT
B 6ﬂﬂT.»1fRi

0
T,

an

Here, D}, is the diffusivity of species i in m?/s at temperature T in K
and infinite dilution in water, y;,, is the viscosity of water in Pa.s, kg is
the Boltzmann constant (1.380649 x 102 J/K), and R; is the radius of
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Fig. 4. Changes in diffusivities of (a) COx2(aq) and (b) HaS(aq) in water at 25°C as a function of pressure. Experimental data points are borrowed from [122,126,

158,169].
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Table 4
Reference diffusivities at 25°C, 1 bar total pressure, and infinite dilution (D$yg ;5) of species commonly involved in aqueous weak acid corrosion of carbon
steel.
Species name Species formula Dfog 15 % 10° (m?/s) Ref.
Hydrogen ion H 9.312 [108]
Sodium ion Na*t 1.334 [108]
Ferrous ion Fe?t 0.720 [108]
Hydroxyl ion OH™ 5.260 [108]
Chloride ion Cl™ 2.032 [108]
Iodide ion 1~ 2.045 [108,189]
Carbon dioxide CO, 1.953¢ [116,129,132,133,138,139,141,142,146,148,190,191]
Carbonic acid H,CO3 1.465" This study
Bicarbonate ion HCO3 1.105 [108]
Carbonate ion Cco3~ 0.804 [115]
Hydrogen sulfide H.S 1.910¢ [122,132,140]
Bisulfide ion HS™ 1.731 [192]
Sulfide ion s 0.842° [193]
Acetic acid CH;COOH 1.201 [124]
Acetate ion CH3CO0™ 1.089 [194]
Formic acid HCOOH 1.460 [195]
Formate ion HCOO™ 1.454 [192]
Oxygen 0, 2.120° [146,141,116,196,151,144,168,197]
Hydrogen H, 4.220° [116,144,154,196]
Nitrogen N, 1.960° [144,160,198]
Methane CH,4 1.850° [154,199]

 This is an average value calculated using data from the referenced literature selected for their reliable experimental methods and exhibiting little to no

significant variation from one another.

b This value is calculated by using the modified Wilke and Change [183] equation proposed by Bidstrup and Geankoplis [200]. Carbonic acid is assumed to
be a carboxylic acid with a Le Bas [201] molar volume of 49 cm®/mol. The Le Bas molar volume for carbonic acid is obtained by adding 7.4 cm®/mol which is
the Le Bas molar volume of oxygen in the -OH structure to the Le Bas molar volume of formic acid, 41.6 cm®/mol [200]. The calculated diffusivity for carbonic

acid agrees well with the reported value by Krieg et al. [202]

¢ This is a calculated value from the measured diffusivity at 18°C, using the Stokes-Einstein Eq. (12).

hydrated species in m. Eq. (11) can be applied to correct the diffusivity
at infinite dilution for the effect of temperature:

UD(}.,' __ T tawisw a2)
Diog1s, i 298.15  py,

Hagg 15w 18 the viscosity of water at 298.15 K and DSy |5 ; is the diffu-
sivity of species i at 298.15 K and infinite dilution in water. It is note-
worthy that the choice of units for diffusivity and viscosity in Eq. (12) is
flexible. In studies of species diffusivity in aqueous solutions, it is a
common practice to relate the diffusivity of species at different tem-
peratures and concentrations to D}, ;5. For practical illustration, a list of
Djqg 15 for species involved in aqueous weak acid corrosion of carbon
steel is provided in Table 4.

In various instances within the open literature, Eq. (12) has been
used to account for the effect of temperature on diffusivity of dissolved
species [98,99,203,204]. However, Fig. 5 clearly shows that this equa-
tion fails to yield accurate results. Instead, an empirical equation pro-
posed by Smolyakov, which relates the limiting conductance to
temperature, is recommended in the present work [205]:

(2 otr,) = A+ E} a3)

In Eq. (13), T is the soluion temperature in K, /1%1. is the conductance
of species i at temperature T and infinite dilution in water, yr,, is the
dynamic viscosity of pure water at temperature T, and A (dimensionless)
and B (in K) are adjustable constants which differ for each species. If Eq.
(13) is combined with the Nernst-Einstein equationg, and then the
resulting equation is divided by itself at T = 298.15 K, the following

8 The Nernst-Einstein equation for ionic species [108]: D; = %

the diffusivity of dissolved species i in the solution in m?/s, R is the gas constant
in J/mol/K, T is temperature in K, /; is the conductance of species i in S.m?/mol
at temperature T, 2; is the charge number of species i, and F is the Faraday
constant in C/mol.

where, D; is

equation is obtained that can be used to correct diffusivity for the effect
of temperature:

Dz, _ T Hyogis.w
Diggys,; 29815 pg,

B B
xp (? " 208, 15) a9

Eq. (14) has an extra exponential term compared to the Stokes-
Einstein Eq. (12). The exponential term dampens (for positive B con-
stants) or amplifies (for negative B constants) the temperature depen-
dence of diffusivity. If B is zero, Eq. (14) will be the same as Eq. (12).
Both Egs. (12) and (14) are originally derived for ionic species but have
proven to be adaptable and effective for neutral species as well. Exam-
ples of successful application of Eq. (14) for neutral species COx(aq),
HS(aq), and Oo(aq) can be seen in Fig. 5d, e, and f, respectively. It is
worth noting that Eqgs. (12) and (14) can also be applied to correct
diffusivity of salt solutions for temperature effect, by substituting the
viscosity of solution (i) in place of that for water (y,,). Table 5 provides
B values for various species, and for additional species, readers can refer
to the literature [205,206]. No data could be found for weak acids
except for acetic acid, where a linear relationship between diffusivity
and temperature was reported [200], suggesting that B should be equal
to zero. The same was reported for carboxylic acids [183,184,200]. By
analogy, it can be assumed that weak carbonic acid and its dissociated
ions also exhibit a linear temperature dependence, as indicated in
Table 5.

Fig. 5 visually demonstrates a strong agreement between the diffu-
sivities obtained with the Smolyakov equation Eq. (14) and the experi-
mental data sourced from the literature. The diffusivity of species such
as H' ion and HyS(aq) exhibited a strong match with the experimental
data when characterized by a positive B value, while for species like Oq
(aq) and COz(aq) the match could be obtained with a negative B value.

4.2. Effect of salt concentration on diffusivity
The concentration dependency of diffusivity in electrolyte solutions

has been extensively investigated. In dilute electrolyte solutions, the
change in diffusivity of electroactive species with salt concentration is
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Fig. 5. Performance evaluation of the Stokes-Einstein Eq. (12) and the Smolyakov Eq. (14) for correcting diffusivity at infinite dilution in water for the effect of
temperature by comparing the calculated diffusivities (lines) with experimental data (points) from the literature [148,138,132,139,140,205,165,170,166,207,119]:

(a) H" ion, (b) Na* ion (¢) OH™ ion, (d) COz(aq), (€) HaSaq), and (f) Ozcaq)-

Table 5
Values of B used in Eq. (14) for calculating the temperature dependence of diffusivity for selected key species in aqueous corrosion and electrochemical
studies.
Species name Species formula B Ref. Experimental data source
Hydrogen ion H 837.790 [205] [166,207]
Sodium ion Na' 75.492 [205] [205,207]
Hydroxide ion OH™ 468.130 [205] [165,207]
Chloride ion Cl™ 216.030 [205] N/A
Carbon dioxide CO, -129.120 This study [132,138,148,170]
Carbonic acid H,CO3 0 This study N/A
Bicarbonate ion HCO3 0 This study N/A
Carbonate ion CO%’ 0 This study [115,193]
Hydrogen sulfide H,S 379.400 This study [122,132,140]
Bisulfide ion HS™ 0 This study [193]
Sulfide ion s 0 This study [193]
Acetic acid CHCOOH 0 This study [200]
Acetate ion CHCOO™ 0 This study N/A
Formic acid HCOOH 0 This study N/A
Formate ion HCOO™ 0 This study N/A
Oxygen 0, -185.480 This study [146,141,196,151,144,197]
Methane CH,4 387.620 This study [154,186,199]

2 1t has the unit of temperature, Kelvin.

associated with two long-range (coulombic) ionic interactions known as
relaxation and electrophoretic effects [208]. Debye and Huckel were the
first to identify these two effects [209,210]. The relaxation effect rep-
resents the return to equilibrium (local electroneutrality) after a
distortion in the ionic atmosphere (fixed background of solution) due to
the movement of diffusing ion [40,206,208,210,211]. The electropho-
retic effect is related to the decrease in the motion of the diffusing
species because of the countermotion of solvent in the ionic atmosphere
[40,208,210-212]. In the case of self-diffusion of electroactive species in
the presence of a supporting electrolyte, which is the focus of this re-
view, there is no significant countermotion of the solvent and the

10

electrophoretic effect can be considered to be negligible [211].

In concentrated electrolyte solutions the role of interparticle short-
range interactions, such as those between ion-ion, ion-dipole, ion-
induced dipole, induced-dipole-induced dipole, becomes increasingly
significant in the estimation of diffusivity. These short-range in-
teractions depend on the crystallographic diameter of diffusing species
as well as its solvation structure. Wang and Anderko [213] modeled the
contribution of short-range interactions on diffusivity by using the
hard-sphere theory. In electrolyte solutions, diffusivity is predominantly
influenced by long-range electrostatic Coulombic interactions, a phe-
nomenon observed up to concentrations of around 1 M [206,214].
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Fig. 6. Comparison of coefficient of variation for k in assessing the accuracy of the square root Eq. (16) (without viscosity) and the modified square root Eq. (17)
(with the viscosity term) for the concentration dependency of diffusivity: (a) with molarity unit (M), (b) with molality unit (m). Experimental diffusivity data for H"
ion (19 measurements), Na* ion (5 measurements), and I” ion (12 measurements) at 25°C, atmospheric pressure, and various concentrations are taken from [110,

114,211,221].

Table 6

The k value used in the square root Eq. (16) for correcting the diffusivity of aqueous species for the effect of NaCl concentration.

Species name Species formula k

(mol/1it) %>

k Ref.
(mol/kgH,0)~%°

Experimental data source

Hydrogen ion H* 0.277
Hydrogen ion H" 0.21

Hydrogen ion H" 0.256
Sodium ion Na® 0.133
Chloride ion Cl™ 0.172
Iodide ion I 0.179
Carbon dioxide CO, 0.147
Carbonic acid” H,CO3 0.147
Hydrogen sulfide H,S" 0.118
Oxygen Oy 0.161

0.273 This study [110,114,211]
N/A [219] N/A

N/A [222] N/A

0.129 This study [110,124,211]
0.166 This study [110,211,226]
0.173 This study [110,211,221]
0.142 This study [190]

0.142 This study N/A

0.116 This study [122,143]
0.156 This study [121,156,157]

2 Assume to be the same as CO,.

Y The Stokes-Einstein Eq. (15) provides more accurate diffusivity predictions for HyS.

Therefore, as an initial approximation, it is common practice to disre-
gard the effects of short-range interactions in such scenarios. However, it
is important to note that at concentrations exceeding approximately 1
M, the contribution of the short-range interactions becomes notably
significant [206].

Experimental observations consistently indicate that, as a general
trend, diffusivity tends to decrease as salt concentration increases [110,
215]. However, the extent of this decrease depends on the nature of the
salt and the diffusing species. For example, when examining the
decrease in diffusivity of Cl™ ion in various salt solutions, it follows this
order in terms of magnitude: KCl < NaCl < LiCl [215]. There are some
exceptions, for instance, diffusivity of Cl™ ion in aqueous CsCl solutions
first decreases and then increases with increasing CsCl concentration
[215]. The analysis of this complex behavior is beyond the scope of the
current paper. Instead, the focus will be directed towards the common
decreasing trend observed in diffusivities.

Several equations and models have been proposed to correct diffu-
sivity with respect to salt concentration in aqueous salt solutions. The
simplest method, similar to how temperature effect is handled, involves
using the Stokes-Einstein Eq. (12), in which the variation of diffusivity is
tied to that of viscosity [108]:

Dy,
Dz,

_ Krw (15)
Hr 501
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Here, Dr; and yu;, are the diffusivity of species i and the dynamic
viscosity of the aqueous solution at a given salt concentration and
temperature T, respectively, D7, is the diffusivity of species i at tem-
perature T and infinite dilution in water (calculated from Eq. (14)), and
Ur, is the dynamic viscosity of water at temperature T. Due to its
simplicity, Eq. (15) has found frequent use in the literature [216-218].
However, as will be shown later, Eq. (15) has the correct trend but is
rather inaccurate in capturing the variation in the diffusivity of species
with salt concentration.

Another approach frequently used in the literature [114,156,
219-222] is an empirical correlation with a square root dependency of
the diffusivity on salt concentration, The simplest form of this correla-
tion for a univalent salt solution (e.g., NaCl, K, etc.) is:

— 1 —kye

Dr;
o
DT.i

(16)

where, Dr; and D}.; have been previously defined, c is the concentration
of salt in the solution, usually expressed as molarity (M), and k is a
constant that depends on the nature of the dissolved salt and the
diffusing species. Eq. (16) is known as the square root equation. The unit
for k is the reciprocal of the square root of the concentration unit. In
some cases, especially when dealing with polyvalent salts or multiple
salts dissolved in the solution, concentration (c) is replaced with ionic
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strength (I) [109,156].

Eq. (16) is reported to be valid for very dilute solutions, up to ~0.03
M [223]. Several modifications have been proposed for Eq. (16) to
extend its validity range to higher concentrations or enhance its accu-
racy [220,221,223-225]. For instance, Stastny and Strafelda [220] used
the cube root of salt concentration for aqueous KCl solutions, D;(1 —

k(cxa/ca-)"?). Alternatively, Stokes et al. [221] suggested using 1
/(1 +ka)or1/ [(1 +ka) (1 +\%>] instead of the constant k to enhance the

accuracy of Eq. (16). Here, « represents the reciprocal Debye length in
1/m and a is the Debye-Huckel ion-size parameter in m. However,
Stokes et al. [221] did not show the results of the implementation of this
equation in their publication. Nevertheless, it has been shown in the
present article that Eq. (16), without any modifications, can be used
rather successfully to predict diffusivity even in significantly concen-
trated brine solutions.

Given that diffusive transport of mass and viscous transport of mo-
mentum are analogous, both depending on molecular properties of the
solution [114,181,211], there have been suggestions that combining
Egs. (15) and (16) by multiplying the right-hand side of Eq. (16) by a
viscosity term of yir., /pir 51, could improve the prediction accuracy [111,
114,221,222]. Nonetheless, it becomes evident that utilizing this
method leads to double-counting of the effect of concentration, first
directly through Eq. (16), and then indirectly through viscosity, which
itself is concentration-dependent, as shown by Eq. (1). This has been
previously reported, where the addition of the viscosity term to Eq. (16)
overcorrected the effect of concentration on diffusivity [211,221]. To
address this issue, Pinto and Graham [211] argued that the viscosity
term should be introduced into Eq. (16) with an exponent of 0.7 instead
of 1, resulting in a modified Eq. (16) in the following form:

07
i Hryw
= (1 —kyc)| —
D37, ( \/_) <ﬂT.wl>

It is worthwhile to assess whether addition of the viscosity term truly
improves the diffusivity estimation or if Eq. (16) performs adequately on
its own. To investigate this, the following approach was employed: for a
given species (H', Na*, and I” in this study), k is back-calculated using
Eqg. (16) and Eq. (17) based on experimental data. The equation that
results in k values with least deviation can be considered the most
appropriate for accurately correcting the diffusivity. The coefficient of
variation’ is used as an indication of the degree of scatter in k. Fig. 6a and
b provide a comparison between the two equations, using molarity and
molality concentration units, respectively. The deviation of k for Eq.
(16) is generally smaller than that for Eq. (17), implying that intro-
ducing the viscosity term is unnecessary and Eq. (16) is sufficient for
describing the concentration dependency of diffusivity.

The choice between molality and molarity in Eq. (16) has only a
marginal impact on the resulting diffusivity value. In some cases, the use
of molality units may yield slightly more accurate results, while in other
instances, molarity units may be equally effective, as indicated in Fig. 6
and Table 6. Regardless, the difference in accuracy when using these two
concentration units is minimal. As a result, either molarity or molality
can be employed in Eq. (16) to correct diffusivity for the effect of salt
concentration. In general, molality is preferred over molarity for two key
reasons. First, calculation of molality does not rely on solution density,
simplifying practical applications. Secondly, molality stands as the
predominant concentration unit in aqueous solution chemistry models
found in the literature, ensuring consistency and compatibility with
previous research.

Table 6 shows the calculated k values for various species, derived by
fitting the square root Eq. (16) to experimental data gathered from the

a7

2 The coefficient of variation (CV) is defined as the ratio of the standard
deviation to the mean. It is often expressed as a percentage.

12

Electrochimica Acta 477 (2024) 143766

literature. Among the species listed in Table 6, only the k value for H"
ion was found in the open literature, allowing for a direct comparison
[219,222]. This comparison resulted in a favorable match, thus affirm-
ing the credibility and reliability of the methodology employed in this
study. In Stackelberg and Pilgram’s [219] work a k value of 0.21 was
reported for H' ion diffusivity in KCl aqueous solutions, while Cis-
kowska et al. [222] used a k value of 0.256 for the diffusivity of H" ions
in LiClOy4 salt solutions.

Another model that addresses the concentration dependency of
diffusivity was proposed by Appelo [227] and has been integrated into a
software package called PHREEQC. This model seems to be based on the
Stokes et al.’s [221] correction, as mentioned earlier, and it extends a
simpler model previously presented by Snyder et al. [228]. Much like
Eq. (16), the concentration dependency term in Appelo [227] model has
the square root of ionic strength (or concentration for 1:1 salts); how-
ever, it is placed inside an exponential function to dampen the changes
in diffusivity with varying salt concentration. The main equation in the
Appelo [227] model that contains the concentration dependency is
shown below:

(18)

—ayA|zilVI
Dr; = Dj exp (M)

1+ «ka

Here, Dr; and D}; have been previously defined, I, is the ionic
strength of solution, A is the Debye-Huckel parameter in (kg/mol)o's, K is
the Debye-Huckel reciprocal length in 1/m, a is the ion-size parameter
for species i in m, z; is the charge number of species i, and ay; is an
empirical coefficient for species i.

There are several concerns regarding the implementation of the
Appelo [227] model.'? Firstly, there is inconsistency in the unit of ionic
strength (molality vs. molarity) used in the Appelo’s [227] publication,
which can complicate model’s replication. Secondly, the range of val-
idity of the Appelo model with respect to salt concentration is not clearly
specified; however, from the graphs in the publication, [227] it appears
to be limited to 2 molal, which is relatively narrow. Additionally, the
number of species covered by the Appelo model is limited, which makes
the model less practical for different applications. Lastly, the Appelo
model [227] does not work for neutral species, such as undissociated
H,COs, HsS, and carboxylic acids. Nevertheless, the Appelo model [227]
is reproduced in this study and compared with other models for its ac-
curacy, as shown in Fig. 7.1}

A more complex model for the estimation of diffusivity in concen-
trated solutions was proposed by Pinto and Graham [111,211]. The final
equation in this model that relates the diffusion coefficient to concen-
tration of dissolved ionic species takes the following form [111,211]:

1

DTi
K X0 n X
by

= 19

a it ay

J#i

where, Dr; is already defined, ajp is the ion-solvent interaction coeffi-
cient, a; is the Stefan-Maxwell phenomenological coefficient, xo is the
mole fraction of water (solvent), x; is the mole fraction of ionic species j,
and n is the number of ionic species in the solution. The ion-solvent
interaction coefficient is given by:

10 The units for the Debye-Huckel reciprocal length (x), ion-size parameter (a),
and the Debye-Huckel parameter (A) are reported incorrectly in the publica-
tion. The correct equation for A is as follows: A = 34,/In(10) in (kg/mol)®>,
where A is the Debye-Huckel parameter for osmotic coefficient (0.391 at 1 bar
and 25°C) [229,230]. Furthermore, the equation stated as (28) in the Appelo
[227] publication is incorrect. The correct equation can be found in ref. [231]
and in the PHREEQC software database.

11 1n this study, molarity (m) is considered for replicating the Appelo [227]
model.
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Fig. 7. Performance assessment of models for the concentration dependency of diffusivity in aqueous NaCl solutions at 25°C and atmospheric pressure by comparing
the calculated diffusivities (lines) with experimental data (points) from the literature: (a) H' ion, (b) Na™ ion, (c) COx(aq), (d) HaS(ag), and (&) Oz(aq). The “Stokes-
Einstein Eq.” and the “Square root Eq.” represent Eqgs. (15) and (16), respectively. Experimental data are taken from [211,110,169,126,122,190,114,226,143,156,

121,157,155,232,118,117,167,123].
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The Stefan-Maxwell coefficients for ionic species interactions are
given by:

0.7
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when ions i and j have the same type of charge (both positive or both
negative), or by:
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when ions i and j are of opposite charge. Here, yf; and uy; have been
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introduced earlier, A is called the ternary constant indicating the dis-
tance of minimum approach between ion pairs, z is the charge number of
ionic species, v is the stoichiometric number of ionic species in the form
of an undissociated salt, x; is the total mole fraction of all species present
in the solution (equal to 1 — xp).

The Pinto and Graham [211] model uses an analogy between the
Stefan-Maxwell flux equation and the Fick’s law of diffusion, and
therefore connects the diffusivity to the Stefan-Maxwell phenomeno-
logical coefficients. The model only considers the relaxation effect and
assumes that electrophoretic effect is negligible, which is an acceptable
assumption for self-diffusion scenarios, as explained earlier. Addition-
ally, Pinto and Graham [211] assumed that the distance of minimum
approach between pairs of ions, involving one specific ion combined
with other ions, is constant, which is only valid if the size of dissolved
ionic species do not differ considerably. Another assumption in the
original Pinto and Graham model is that all ions are considered to be
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completely non-hydrated. Later, they included the hydration number in
the diffusivity calculations [111], significantly increasing its
complexity. However, the equations and parameters required to repro-
duce the updated model are not clearly described in their latest publi-
cation [111]. Thus, reproducing the updated Pinto and Graham model
[111] becomes a challenging endeavor.

Similar to the limitations discussed in the Appelo model [227], the
Pinto and Graham model [111,211], also faces constrains. It is not
applicable to neutral species, restricting its utility in certain scenarios.
Additionally, the phenomenological coefficients are provided only for
four species (H', Na*, C1~, I"), limiting a broader applicability of the
model. Therefore, only the original Pinto and Graham [211] model is
reproduced in this study and compared with other models, as presented
in Fig. 7.

The most elaborate model available in the literature for accounting
for the effect of salt concentration on diffusivity is proposed by Wang
and Anderko [213]. They included the effects of both long-range elec-
trostatic forces (relaxation effect) and short-range forces (due to inter-
particle interactions) in their model. They claimed that without
considering the short-range interactions, the model for univalent ions is
only valid up to ~1 M of salt concentration, while with the short-range
interactions included in the model the validity range expands to ~ 30 m
[206]. Another apparent advantage of the Wang and Anderko [213]
model claimed by the authors, is that it covers the effect of salt con-
centration on diffusivities of both ionic and neutral species [213]. This
model is therefore much more complicated than the other models dis-
cussed above. More importantly, not all the equations and parameters
required to replicate the model are provided in their publications [206,
213]. Therefore, the Wang and Anderko [213]. model is impossible to
reproduce. For comparing the accuracy of the Wang and Anderko model
[213] with abovementioned models, the diffusivity was obtained by
running the commercial software package, OLI Studio in which the
Wang and Anderko [213]. model is implemented. Now that five estab-
lished models for calculating diffusivity as a function of salt concen-
tration have been discussed, let’s proceed to compare their performance
for five different species as shown in Fig. 7. The Appelo [227] model and
the original Pinto and Graham [211] model do not account for neutral
species, so no line exists for these models for neutral species in Fig. 7.

Fig. 7a shows the comparison between the models for H ion diffu-
sivity in aqueous NaCl solutions. Of the four sets of experimental data
found in the literature and used for comparison, the one reported by
Roberts and Northey [155] is considered as outliers, and thereby, is not
used to judge the accuracy of the models. Of the five models compared in
Fig. 7a, the Stokes-Einstein Eq. has the least accuracy when calculating
H' ion diffusivity. The accuracy for the Appelo [227] and the Wang and
Anderko [213] models is similar, agreeing with the experimental data at
low NaCl concentrations (up to about 3 wt.%), with significant de-
viations at moderate and high NaCl concentrations. On the other hand,
the square root Eq. and the Pinto and Graham [211] models show nearly
identical accuracy with a very strong agreement with the experimental
data.

For the diffusivity of Na' ion shown in Fig. 7b, the Appelo [227]
model predictions exhibit substantial deviations. The Stokes-Einstein
Eq. slightly exaggerates the influence of salt concentration on Na™ ion
diffusivity and this exaggeration becomes more pronounced as NaCl
concentration rises. The square root Eq. slightly underpredicts Na™ ion
diffusivity for NaCl concentrations below 15 wt.% and overpredicts for
higher NaCl concentrations. The Wang and Anderko [213] model be-
haves similarly to the square root Eq. for NaCl concertation below 15 wt.
%, but aligns well with the data for concentrations beyond this range.
Finally, the Pinto and Graham [211] model shows almost prefect pre-
dictions for Na® ion diffusivity across the entire range of NaCl
concentrations.

When it comes to the diffusivity of aqueous CO,, a neutral species,
the comparison is shown in Fig. 7c. The experimental data can be
divided into two distinct sets, four datasets (Ratcliff and Holdcroft
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[190], Hikita et al. [118], Cadogan et al. [169], and Huang et al. [122])
consistently report higher values compared to the other two datasets
(Zhang et al. [123] and Sell et al. [126]). All three models agree with the
first group of experimental data. For the lack of a better criterion, this
broad alignment between the four experimental datasets and the three
independent models is used to eliminate the other experimental data
from the analysis. Across a broad range of salt concentrations, the three
models for CO, diffusivity performed equally well, with the
Stokes-Einstein Eq. demonstrating a slightly superior fit to the experi-
mental data, particularly in the high concentration range.

The change in diffusivity of aqueous HsS, also a neutral species, with
salt concentration is shown in Fig. 7d. The two available experimental
datasets are in reasonable agreement with each other, and the three
models show equally good alignment with the experimental results.
Similar to CO», the Stokes-Einstein Eq. appears to provide more accurate
predictions, especially in the high salt concentration range.

Finally, for diffusivity of aqueous oxygen, the experimental data
found in the literature exhibit a considerable degree of scatter. Even in
pure water the values differ considerably between different studies. One
dataset stands out as clear outlier (Hung and Dinius [117]) and conse-
quently will not be used for comparisons with the models. The
remaining data still significantly differ from each other, even when
considering studies conducted by the same research group but separated
by a few years (Ju and Ho [156] and Ho et al. [157]). The predictions
made by the three models pass in between the scattered experimental
datasets with a consistent trend and similar levels of accuracy.

In summary, the Pinto and Graham [211] model demonstrates the
best performance in predicting the diffusivity of the ionic species H' and
Na™ ions; however, its biggest drawback is that it does not work for
neutral (uncharged) species. For the neutral species the argument can be
made that the Stokes-Einstein Eq. (15) performs the best, yet its pre-
diction of diffusivity of ionic species is inferior compared to certain other
models. Taking into account the simplicity of the square root Eq. (16)
and its applicability to both ionic and neutral species, coupled with its
relatively good accuracy across the tested scenarios, it is the model
recommended in this study for correcting the diffusivity of dissolved
species for the effect of salt concentration.

Having discussed the impact of salt concentration on three key so-
lution properties—density, viscosity, and diffusivity—and identified the
most effective models for each, it is time to put these models into
practical use. An excellent example to test these models is by predicting
the electrochemical limiting current density which is a measurable
parameter that relies on all three properties: the density and viscosity of
the solution, as well as the diffusivity of electroactive species. In the
upcoming sections, the experimental methodology employed to measure
the limiting current density for H' reduction reaction will be explored.
The H' ion limiting current density holds immense importance across
various fields, including electrolysis and hydrogen production, fuel cell
technology, electroplating processes, battery research, water purifica-
tion methods, and corrosion studies. Subsequently, a comparison be-
tween the experimental values and calculated values, utilizing a
comprehensive model that accounts for the influence of salt concen-
tration on all three properties, will be conducted. This approach allows
for the assessment of the model’s performance in a real-world scenario.

5. Experimental methods

Strong acid solutions, saturated with an inert gas, can be considered
as one of the simplest types of aqueous solutions used for H* ion limiting
current density measurements, because the main electrochemical reac-
tion in these solutions, across a broad potential range, is the H' ion
reduction reaction. On the other hand, in weak acid solutions, which
may contain substances like HyCO3(aq) HaS(aq) or carboxylic acids,
interfering homogenous chemical reactions can alter the magnitude of
the H' ion limiting current density by the buffering effect [233]. As a
result, weak acid solutions are not suitable for the specific objective of
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investigating the effect of salt concentration on density, viscosity, and
diffusivity.

Two sets of experiments were carried out at 10°C and 20°C and
different NaCl concentrations in Ny-saturated aqueous NaCl solutions.
Precise temperature control, with an accuracy of within 0.5°C, was
achieved by employing a combination of a cooling apparatus and a hot
plate. In addition to the standard room temperature of 20°C, a lower
solution temperature of 10°C was selected for the experiments. This
choice was made because, at lower temperatures, the rate of charge
transfer reactions at the metal surface is significantly slower than the
rate of diffusive mass transfer of electroactive species to the electrode
surface. This disparity in reaction rates makes it simpler to distinguish
between the charge transfer and limiting current density regions in
cathodic potentiodynamic sweeps, consequently enhancing the accu-
racy of extracting the limiting current density from the sweeps.

A conventional three-electrode setup was used for performing the
limiting current density measurements. In separate experiments, two
types of working electrodes were used: rotating disk electrode (RDE) and
rotating cylinder electrode (RCE) for accurate control of mass transfer
rates in laminar and turbulent flow regimes, respectively. The RDE was
rotated at 2000 rpm in a laminar flow regime. The RCE rotation speed
was 1000 rpm in a turbulent flow regime. A saturated Ag/AgCl electrode
was used as a reference electrode and the counter electrode was a
platinized titanium mesh with dimensions 20 x 30 mm?. The working
electrode was made out of API 5L X65 mild steel, a commonly used steel
grade in the oil and gas industry for pipeline manufacturing. The
microstructure of the X65 mild steel was a uniform, fine structure of
pearlite in a ferrite matrix. The chemical composition and microstruc-
ture of X65 steel are given elsewhere [109]. The RDE diameter was 5.0 +
0.1 mm, with an area of 0.196 cm?. The RCE dimensions were 11.9 + 0.1
mm OD and 14.0 + 0.1 mm length, which gave an exposed surface area
of 5.4 cm?. The working electrodes were sequentially wet polished with
240-, 400- and 600-grit abrasive papers followed by ultrasonically
degreasing with isopropanol for 3 min and dried in cool N gas prior to
immersion in the test solution.

Experiments were done at five NaCl concentration of 0.1, 1, 3, 10,
and 20 wt.% using each electrode type. Each experiment was repeated at
least two times to ensure the reliability of results. For each experiment,
NaCl was dissolved in deionized water (18 MQ.cm) in a 2-liter glass cell.
The solution was then sparged with Nj gas for at least 2 h, while being
stirred. When a stable pH was achieved (ApH < 0.01), 0.1 M HCI stock
solution was added gradually to the main solution to adjust pH at 3.0.
After that the freshly polished specimen was inserted into the solution
and its open circuit potential (OCP) was monitored until a stable value
(AEgcp< 2 mV/min) was achieved. Then, electrochemical impedance
spectroscopy (EIS) was carried out in a frequency range of 10,000 Hz to
0.1 Hz at OCP with a 10 mV AC peak to peak amplitude and a sampling
rate of 8 points/dec to determine the solution resistance (iR drop).
Finally, a cathodic potentiodynamic (PD) polarization sweep was per-
formed starting from the OCP toward more negative potentials up to
-1.00 V vs OCP, using a scan rate of 0.5 mV/s. The measured values were
corrected for the solution resistance. A Gamry Reference 600 potentio-
stat was used for all the electrochemical measurements. A more detailed
description of the experimental procedure with pictures of the experi-
mental equipment, setup, electrodes, etc. is given by Madani Sani [109].

6. Comparison of the experimental and calculated limiting
current densities

Fig. 8 shows the comparison between the experimental limiting
current density (dots) and the calculated limiting current density (solid
black line), at different NaCl concentrations for each electrode type. The
limiting current densities for RDE and RCE electrodes were calculated by
using the Levich [106,234,235] and Eisenberg [236,237] equations,
respectively.
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Fig. 8. The comparison between the experimental (dots) and calculated (lines)
H™ limiting current density (iz;) values for (a) RDE electrode setup at 10°C, 1
bar N, gas, pH 3, and 2000 rpm and (b) RCE electrode setup at 20°C, 1 bar Ny
gas, pH 3, 1000 rpm. The “Pure water” shows i, for pure water conditions. The
“Rho”, “Rho+Mu”, “Rho+Mu+D”, “Rho+Mu+D+c” lines are calculated iy,
when the effect of NaCl concentration is applied cumulatively to solution
density (Rho), solution viscosity (Mu), H diffusivity (D), and H" ion concen-
tration (c).

iLim. RDE = 200.635nF(rpm)045‘0().]67”—().]67D().667Cb (23)

ivimgce = 10.034nFd"* (rpm)7 pO34 =034 poesic, 24
where, ip;n, is the limiting current density in A/m? nis charge number of
reacting ion, F is the Faraday constant (96485.33 C/mol), rpm is the
rotational speed of the electrode in revolutions per min, d is the diameter
of electrode in m, p is the solution density in kg/m>, u is the solution
viscosity in kg/m/s, D is the diffusivity of reacting ion in m?/s and c, is
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the bulk concentration of reacting ion in M. The reacting ion in these
experiments is H' ion.

The NaCl solution density (p) was calculated with the Novotny and
Sohnel [45,46] model:

p = p,, +44.85¢, — 0.09634c,t + 0.0006136¢,* — 2.712c!> + 0.01009¢!¢
(25)

P, = 999.65 4+ 0.20438¢ — 0.06174¢' (26)
where, p,, is the density of water in kg/m?, t is the solution temperature
in °C, and c; is the NaCl concentration in molarity. The conversion from
various concentration units to molarity is given in Appendix A of Madani
Sani [109].

The NaCl solution viscosity (u) was computed with the Mao and
Duan [65] model:

U= p,,exp (Ams + Bm_f + Cm?) 27)
where, 1, is the viscosity of water in kg/m/s, and A, B, and C are
empirical polynomial functions of temperature. The equations for y,,, A,
B, and C are given in Mao and Duan [65].

The diffusivity of H" ion was calculated using the square root Eq.
16):

Dpe = D5, (1-0.273/6;) ~ D5, (1—0.273,/m; ) (28)
where, Dy is diffusivity of H' ion in the solution in m?/s and Dy, is
diffusivity of H' ion at infinite dilution and solution temperature in m2/
s. D%, was obtained using the diffusivity temperature correction Eq.
14):

T Haog.15w
298.15

1 1
exp {837.790 (7 — m)]

where, T is the solution temperature in Kelvin, and ji5gg ;5,, and u,, are
the viscosity of water at 298.15 K and solution temperature (T). Vis-
cosity values were determined using the Mao and Duan [65] model.

The Levich and Eisenberg equations are presented here in a some-
what unconventional format in order to explicitly elucidate the role of
each of the three physical properties in the i;;, equations. The limiting
current density ir;, exhibits a direct dependence on the solution density,
diffusivity, and concentration of H* ions in the bulk solution and is
inversely related to the solution viscosity [106,234-237]. To determine
the density and viscosity of the solution, as well as the diffusivity of H*
ions, we employed models recommended in this review. The concen-
tration of H ion was calculated using the mixed solved electrolyte
(MSE) model [109,180]. A detailed discussion about the effect of NaCl
concentration on H' concentration has been reported elsewhere [109,
238].

To clearly understand the influence of solution density, viscosity, and
H' ion diffusivity on the variation of i, with NaCl concentration, a
unique methodology was employed. Five distinct scenarios were
defined, and iy;, was computed cumulatively for these scenarios to
assess the individual contribution of each parameter to the calculated
irim values. These five scenarios are outlined as follows:

Dy. =9312 x107° (29)

Hoy

e Pure water scenario: assuming that none of the four parameters, so-
lution density, viscosity, H" diffusivity, and H' concentration
change with NaCl concentration, and that they are the same as those
for pure water.

o Rho scenario: assuming that only solution density changes with NaCl
concentration, while solution viscosity, H" diffusivity, and H" con-
centration remain constant and the same as those for pure water.

e Rho+Mu scenario: assuming that solution density and viscosity
change with NaCl concentration, while H diffusivity and H" con-
centration remain constant and the same as those for pure water.
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e Rho+Mu+D scenario: assuming that solution density, viscosity, and
H' diffusivity change with NaCl concentration, while H" concen-
tration remains constant and the same as that for pure water.

e Rho+Mu+D-+c scenario: assuming that all four parameters, solution
density, viscosity, H' diffusivity, and H' concentration change with
NaCl concentration.

In the Pure water scenario, the impact of salt concentration on any of
the parameters contributing to iy, is not taken into account. Conse-
quently, i;;» remains constant across all NaCl concentrations, mirroring
that of pure water. As anticipated, in this scenario, the calculated iym
values deviate significantly from the measured values, as presented in
Fig. 8. The Rho and Rho+Mu scenarios show how changes in solution
density and viscosity with NaCl concentration, respectively, contribute
to the iy;, variations. Notably, the changes in the solution density alone
when NacCl concentration is increased from O to 20 wt.% has almost no
effect on iy,;. When the variations in the solution viscosity with
increasing NaCl concentration within the same range are included in the
calculations, a larger influence on iy, can be seen compared to that
imposed by the solution density, yet still relatively small. The
Rho-+Mu+D scenario highlights the effect of H" diffusivity variations
with varying NaCl concentration on iy;,. From Fig. 8, it is obvious that
changes in H" diffusivity exert a more pronounced impact on iy,
compared to the variations in the other two parameters. Ultimately,
when the effect of salt concentration on H" concentration is added to the
irim calculations in the Rho+Mu+D+-c scenario, the final iy, line (the
solid black line in Fig. 8) is obtained.

The comparison between the calculated iy;, values (solid black lines)
and the experimental values in Fig. 8 shows a high degree of agreement
between these values. This alignment indicates that the models used in
this study for the estimation of solution density and viscosity, H'
diffusivity, and H' concentration are reasonably accurate. Furthermore,
the overall decreasing trend observed in i, with increasing NaCl con-
centration can be primarily attributed to the decrease in H' diffusivity
and H' ion bulk concentration, stemming from the non-ideality of the
solution. A peak can be seen at low NaCl concentrations in the calculated
irim values which is because of the trend in H' ion bulk concentration
with varying NaCl concentration [109,238].

However, it is worth noting that this peak was not detected in the
experimental i, data, likely due to the insufficient resolution in the
experimental NaCl concentrations. Conducting electrochemical iz
measurements in solutions with very low salt concentrations is rather
difficult, owing to the low conductivity of the aqueous solution, which
results in significant interference with current density readings and in-
crease experimental errors. This type of peak was observed in similar
experiments in CO4 saturated solutions, as reported by Madani Sani et al
[237,238]. In those experiments, the solution conductivity at low salt
concentrations was higher due to the presence of dissolved carbonic
species and did not significantly affect the i;;, measurements. Further-
more, the CO4 corrosion rate, controlled by the cathodic limiting current
density, showed a similar peak at very low NaCl concentrations.

In summary, the analysis presented above highlights the importance
of accurate models for calculating all four physical properties: solution
density and viscosity, H" diffusivity, and H" ion concentration as a
function of salt concentration. However, it becomes evident that
achieving precision in the calculations for H diffusivity and H" ion
concentration is more critical than for solution density and viscosity
when calculating mass transfer rates for ip;n,.

7. Conclusions

This work provides a review and comparison of publicly available
and well-cited models for density, viscosity, and diffusivity in aqueous
NaCl solutions. Numerous models have been published for these three
parameters; however, their accuracy has not been evaluated, particu-
larly close to the limits of their validity range, using experimental data
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from various sources. In this study five density models, three viscosity
models, and five diffusivity models were reviewed to identify the most
accurate yet simple-to-replicate ones. Additionally, one of the existing
models for the effect of dissolved COy concentration on viscosity of
aqueous NaCl solutions has been modified. Furthermore, the diffusivity
of multiple species at 25°C and infinite dilution in water is revisited. To
estimate diffusivity at various temperatures and salt concentrations,
new coefficients are introduced for selected species. These models were
combined to calculate the electrochemical cathodic limiting current
density (irim), an important parameter with applications in various
research and industrial fields. The calculated i;;, values have been found
to agree well with those measured in this study using two-electrode
setups over a wide range of NaCl concentrations. The iy, analysis
indicated that obtaining accurate calculations for diffusivity is more
critical than solution density and viscosity when calculating mass
transfer rates of dissolved species in aqueous solutions.
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