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Calculation of Cathodic Limiting Current Density in Weak Acids:

Part I. Aqueous CO, Solutions
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The limiting current density for the hydrogen evolution reaction in aqueous saturated carbon dioxide solutions needed revisiting, as
the basic understanding of the underlying reaction mechanism in weak acids has changed over the past few years. We now know
that the direct reduction of undissociated carbonic acid on a metal surface in aqueous carbon dioxide solutions is not significant, as
was thought before, and that there is only a single dominant pathway for hydrogen evolution: reduction of free hydrogen ions. The
main role of weak carbonic acid is to provide additional hydrogen ions via buffering. Therefore, a new mathematical model was
needed for calculation of the limiting current density for hydrogen ion reduction, that accounts for both hydrogen ion diffusion in
the boundary layer and simultaneous buffering provided by dissociation of weak carbonic acid. The new model relies on
analytically solving the co-diffusion of hydrogen ions and carbonic acid in the mass transfer boundary layer, with simultaneous
homogenous chemical reactions. The new expression for the limiting current density takes the form:
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The performance of the new model was successfully validated by comparing it with experimental data over a broad range of
conditions.
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When a reaction other than charge transfer in a multistep cathodic
reaction sequence is slow and becomes the rate determining step (rds),
this leads to the concept of limiting reaction rate or limiting current
density.' The term limiting current density was first introduced by
Brunner;” for a given cathodic reaction, the limiting current density is the
maximum attainable current density and is of great practical importance
in several fields such as (electro)chemistry, electroplating, electrodialysis,
battery research, corrosion studies, etc. That slow step can be mass
transfer by diffusion of species between the bulk solution and the surface
or a preceding homogenous chemical reaction producing species close to
the surface. Either way, the electroactive species involved in the cathodic
reaction are in short supply at the metal (electrode) surface and the rate of
the charge transfer process is limited, and so is the rate of the overall
cathodic reaction. The slow step can also be crystallization, for example:
inclusion of adsorbed metallic ions into the crystal lattice;3 however,
crystallization limiting current densities are associated primarily with
reductive metal deposition, and will not be discussed in this paper. The
primary focus of this article is the rate of a heterogeneous electrochemical
reaction at a metal surface limited by a diffusion process coupled with a
preceding linear homogenous chemical reaction.

Buffered electrolytic solutions such as aqueous solutions of weak
acids are examples of systems where the rate of a heterogeneous
electrochemical reaction is affected by a slow preceding homogenous
chemical reaction step. We will start here with an example of an
aqueous CO; solution, where weak carbonic acid, H,CO3 forms and
acts as a buffer. Other weak acids such as aqueous hydrogen sulfide and
aqueous solutions of organic acids behave similarly, but all have their
specificities; hence, they will be covered in separate publications.

Aqueous CO,-saturated solutions are very common, particularly
in the oil and gas industry, where some water and gaseous CO,
emerge with the produced hydrocarbons. The aqueous CO,-saturated
solutions can cause significant internal corrosion problems for mild
steel pipelines transporting the production stream to processing
facilities. Another corrosion problem caused by these solutions is
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related to CO, capture, transportation, and storage equipment and
facilities, when small amounts of water are present in the dense CO,
phase. Being able to model the behavior of the cathodic reaction,
which its rate governs the corrosion rate of mild steel exposed to
aqueous CO; solutions is of extreme importance in protecting mild
steel equipment against corrosion.*™®

The diprotic H,COj is produced by a slow homogenous chemical
reaction—hydration of aqueous CO;, according to:

kt.co,
COz(aq) + HzO(]) 2 H2C03(aq) [1]
ky,co,

which dissociates partially, via a relatively fast reaction:

K¢ H,c04
2 HCO3q + Hy) 21
Kb, H,c05

H2 CO 3(aq)

The bicarbonate ion, HCO; is a much weaker acid
(pKuco; = 10.3 at 25 °C) when compared to H,CO3; (with a
pKu,co,x 3.7 at 25 °C), so its dissociation and the effect on
buffering in aqueous CO,saturated solutions can be usually ignored.

The H* ions, produced by the homogenous dissociation Reaction
2 in the bulk, diffuse and adsorb onto the metal surface:

diffusion
H&q) - H+|surface [3]
At the surface, the adsorbed H* ions are reduced to evolve

hydrogen gas according to:

_ 1
H+|surface +e - EHZ(g) [4]

Reaction 4 is actually a multistep electrochemical reaction,"*'* a

combination of diffusion and homogenous chemical reaction in the
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bulk solution and charge transfer at the metal surface. In the present
article, the focus is on the calculation of the limiting current density
for Reaction 4, which is governed jointly by diffusion and homo-
genous chemical reaction processes in the bulk solution. Therefore,
the charge transfer process at the metal surface does not impact the
limiting current density calculation.

The overall hydrogen evolution reaction in aqueous CO, saturated
solutions is then obtained as a summation of all abovementioned steps:

_ 1
COZ(aq) + HzO([) + e - HCOS(aq) + EHz(g) [5]

Since the mid-1970’s and the pioneering work of deWaard and
Milliams,*'" it has been assumed that, in addition to the hydrogen
ion reduction, Reaction 4, there is a parallel hydrogen evolution
reaction—the so-called direct reduction of carbonic acid:

_ 1
H2C03(aq) +e - HCO3(aq) + 5H2(g) [6]

which is responsible for higher limiting current densities seen in the
weak carbonic acid solutions compared to strong acid solutions at
the same pH. However, over the past decade, it has been demon-
strated that this parallel reaction pathway is nonexistent/insignificant
and that the main role of weak H,COj3 is to act as a buffer, and
provide additional H* ions, when molecular diffusion cannot keep
up.”'>'* This happens only when the charge transfer Reaction 4
proceeds so quickly that the rate of the overall reaction is limited by
the ability to provide the H" ions to the metal surface. It has also
been shown that the presence of aqueous CO, and weak H,CO; acid,
does not affect significanlty the rate of charge transfer process in the
hydrogen evolution reaction.”'?

In the past, when the assumption about two independent cathodic
Reactions 4 and 6 was considered to be valid, calculating a limiting
current density was a relatively straightforward task. First, a pure

mass transfer limiting current density i,‘gffm was calculated for the
H* ion reduction Reaction 4:

; F Dy+ ¢ +
. di H* CbH
llirﬁf,fH*' I ” = F ky,n+cpu+ [71
m,

where F is the Faraday constant, Dy+ is the diffusivity of H' ions,
cpu+ is the bulk concentration of H* ions, ,, i+ is the thickness of
the mass transfer boundary layer and k,, g+ is the mass transfer
coefficient of H* ions, all referring to an aqueous solution.®'*'
Then, the limiting current density for the direct reduction of
H,CO;, Reaction 6, was calculated by assuming that the rate of
reduction of H,COj; is controlled by the slow hydration Reaction 1,
producing H,COj near the metal surface. Following Vetter’s original
derivation® for stagnant solutions and a modification introduced by
Nesic et al."” for flowing solutions, the limiting current density for

the direct carbonic acid reduction iﬁ,},‘fﬁﬂos was calculated via:

o
- chem _ 2 'm,HyCO3
Uimt,co, = F Cb,‘{'[zCOg \ Pu,coskn,co, C”’h( (8]

Or,H,CO3

where ¢, co, is the bulk concentration of HyCOs, Dy,co, is the
diffusivity of HyCOs, ky, co, is the backward reaction rate constant
for Reaction 1, §,, m,co, and &, p,co, are the mass transfer and
chemical reaction boundary layer thicknesses, respectively, all
referring to an aqueous solution. Note that &, g,co, and &, m,co;
were defined different in the original Nesic et al.'® publication
compared to what is shown below.

Finally, the two limiting current densities (7) and (8) for the two
Reactions 4 and 6, respectively, were simply added to obtain the
total cathodic limiting current density in aqueous COjsaturated

solutions.

-tot __ -diff .chem F Dy+c, g+
lim =1

limp+ t UimH,COy = St

Sm,HyCO
eq ,HyCO3
+ F ¢, 11,005 PHycoskb,co, coth (m) (9]

The calculated values for i%, seemed to agree rather well with

measured limiting current densities in CO, solutions, reinforcing the
idea that there were two parallel electrochemical reactions for
hydrogen evolution in aqueous CO, solutions.

Now that we know there is only one main cathodic reaction,
Reaction 4, the question then arises as to how accurately calculate
the limiting current density and account for both diffusion of H* ions
and simultaneous buffering provided by dissociation of H,COj3 in
Reaction 2. This is the subject of the derivation presented below.

Calculation of the Cathodic Limiting Current Density in
Aqueous CO,-Saturated Solutions

To be able to calculate the limiting current density with only one
reaction (H* ion reduction reaction), we will now postulate a model for
diffusion of H* ions, Reaction 3, in the presence of buffering by the
homogenous chemical Reaction 2, where Ht ions are replenished as
they are consumed by the charge transfer Reaction 4. We will assume
that conditions are such that the charge transfer Reaction 4 proceeds so
quickly that the overall reaction rate is limited by H* ion diffusion in
the presence of buffering; this happens at more negative potentials vs.
the open circuit potential of the metal surface, i.e., in the limiting
current density region. However, it is also known that the hydration
Reaction 1 is the slowest step (rds) in the multistep reaction sequence
mentioned above; therefore, the following dissociation step, Reaction 2,
which is much faster can be considered to be almost in equilibrium.

In the limiting current density scenario, it is clear that as the
metal surface is being approached, the concentration of H* ions
decreases toward zero, but so does the concentration of H,COs,
which is in equilibrium with H* ions, due to the relatively fast
dissociation step, Reaction 2. Therefore, we cannot ignore the
diffusion of H,CO; towards the metal surface, which occurs
simultaneously with diffusion of H* ions. Hence, now we have to
resolve a case of co-diffusion of H* and H,CO5.'%”

The question is what happens to the other aqueous species in the
mass transfer boundary layer. To make the following derivations
manageable, we will here assume that the concentration of aqueous
carbon dioxide in the diffusion boundary layer, cco, is constant and
equal to the equilibrium value found in the bulk. This is based on an
argument originally presented by Vetter’s® for a similar problem
involving acetic acid. In the present case, we can argue that cco, is
usually much higher than either cy+ or cy,co, so that the changes in
cco, in the diffusion boundary layer due to Reaction 1 are so small
that they can be ignored. Thus, we can write:

eq
cco, ® Lb,qCOz = constant [10]

Assuming that cco, is constant, implies that diffusion of CO, in
the diffusion boundary layer can be ignored in the calculations of the
limiting current density.

We need to make another similar assumption to simplify the
derivations: that the concentration of the bicarbonate ion in the
diffusion boundary layer, cuco; can also be considered to be
constant and equal to the equilibrium value found in the bulk.
This is also following Vetter’s line of reasoning:3 when cyco; is
much higher than either ¢+ and cy,co,, then the changes in cuco;
are relatively small and can be ignored. So, we can write:

ol —
CHCO; ¥ Cpfico; = constant [11]



Journal of The Electrochemical Society, 2023 170 011504

The assumption about constant cyco; allows us to ignore the
contribution of HCO;3 diffusion in limiting current density calcula-
tions. Based on a similar argument, the changes in hydroxide ions
concentration, coy- and its diffusion can be also ignored.

To determine the practical range of validity for these assumptions
in typical aqueous CO, systems, one can look at the aqueous
speciation diagrams calculated for an open system (where partial
pressure of CO, is constant and equal to 1 bar) and a closed system
(where the total amount of carbonic species is constant), shown in
Fig. 1. There, the assumption about high cco, is valid for pH2 and
higher; the upper limit for a closed system is at around pH6 and there
is none for an open system, which is more common in practice. The
assumption about high cyco; is valid for pH4 and higher at 1 bar CO,.

For CO, partial pressures above 1 bar, the lower pH threshold moves
to lower pH and vice versa. Therefore, we can conclude that these
assumptions hold for many practical situations, say in aqueous CO,
corrosion of mild steel, where the typical pH range is 5 < pH < 6 and
the partial pressure of CO; is of the order of 1 bar or higher.'®!’

It needs to be pointed out here that these kinds of simplifying
assumptions are absolutely necessary in order to solve the resulting
transport equations analytically, as originally demonstrated by
Vetter.® Actually, most other similar analytical developments, e.g.,
Koutecky and Levich,'® Dogonadze," Rieger,?® Leal et al. 2018*'
and 2020%* also considered two generic species diffusing (usually
denoted as A and B) to find an analytical solution to the problem.
When more species needed to be considered, the only option was to
use numerical methods to solve the governing equations, as recently
demonstrated by Harding et al.>

When formulating the transport equations for the two species that
need to be solved, we will ignore mass transfer by both convection
and (electro)migration and assume one-dimensional diffusion along
the x-axis perpendicular to the metal surface. The justification for
this assumption is as follows: the effect of convection in the
boundary layer can be ignored for flow systems where there are
no fluid velocity components (i.e., no convection) in the direction
perpendicular to the metal surface. This is a perfectly suitable
approximation for the case of turbulent mass transfer in a boundary
layer formed at the interface of a metal surface. A very common
example is found in turbulent pipe flow, but also other similar
turbulent flow systems, in both laboratory and practice, such as:
turbulent rotating cylinder flow, turbulent flow in a channel, etc. It
needs to be pointed out that this simplifying assumption does not
appear to be valid for some other frequently encountered laboratory
flow systems, such as laminar rotating disc flow, laminar impinging
jet flow, etc., where the contribution of the convection of species
perpendicular to the surface cannot be ignored. The mathematical

(A)

1.E+00

1.E-01 -
-\

LE-02

1E-03

Concentration / M

1.E-04 ¢

1.E-05 T
01 2

T T T T T T T T

6 7 8 9 10 11 12 13 14
Solution pH

T
3 4 5

treatment of such systems is more complicated as originally shown
by Dogonadze,' then followed by Hale>* Leal et al.,>' etc.
However, it will be shown in the validation section below, that
once the laminar boundary layer thickness is estimated for such
laminar flow geometries, the approach shown here still provides
reasonable predictions for the limiting current density. The other
assumption about ignoring electro(migration) also holds for turbu-
lent boundary layers, given that usually there is no externally applied
electrical field. This leaves us only with one-dimensional molecular
diffusion as the main mass transfer mechanism.

Now we are in the position to formulate the model by writing the
steady-state one-dimensional Nernst-Planck equation for the two
remaining species: H ions and H,COs; the so-called co-diffusion
equations are:

d dey+
—(DH+ . ) + kf H,c05CH,CO5 — Kb H,c05CHtCHCO; = 0 [12]
dx ox

d
™ (D H,COs

0CH,CO;,
ox

— k¢ H,c0,CH,CO; + kb H,cOsCH*CHCO; = 0

) + ky.co,cco, = kb,co,CHyCO4
[13]

where, x is the distance from the metal surface.

The first term in both equations is the molecular diffusion term,
while the other terms denote production and consumption of species
due to chemical reactions. The magnitude of the chemical reaction
terms is obtained with respect to Reactions 1 and 2.

As explained above, there are various techniques that can be used
to solve the co-diffusion equations, Eqs. 12 and 13, some of them
analytical and others numerical.'*'32%25-3% The numerical techni-
ques are generally effective but do not result in explicit expressions
that can be readily used in electrochemical models. On the other
hand, the existing analytical methods™'82%28=3% proposed in the past
cannot cope with the chemical reaction terms such as those given in
Eqgs. 12 and 13. A new analytical approach is proposed here.

In order to solve co-diffusion Eqs. 12 and 13 in the present
approach, we will start by adding them up so that some of the
chemical reaction kinetic terms cancel out each other.®

+ ky,c0, 0, — kb,corCHycO; = 0 [14]

In this step, we have used the assumptions about cco, being
constant and equal to the bulk value and then assumed that
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Figure 1. Distribution of dissolved species in an aqueous CO, solution at 25 °C and partial pressure of ~1 bar CO, in (A) an open system (where partial
pressure of CO, is constant) and (B) a closed system (where the total amount of carbonic species is constant). Calculations performed using the Oddo and

Tomson model ** for an ideal solution.
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diffusivities, Dy+ and Dy,co, are constant throughout the mass
transfer boundary layer.
Now, we will relate the concentration of H,COj5 to that of H' ions.
Given that the dissociation Reaction 2 is near equilibrium, we can write:
Che,%lco;
CHCO3 ® ——Cgt

[15]
K n,co,

where Kiy,co, is the equilibrium constant for Reaction 2. Then, by
differentiating two times with respect to x, we get:

2 eq eq
d’cy,cos | Cnhcoy dPcyt _ Cppco, dieyt

~ = 16
dx? K m,co, dx? clfy‘i{+ dx? (el

In this differentiation, we have used the assumption about cxco;
being constant and equal to the bulk value. Eqs. 15 and 16 can be
used to eliminate cy,co, from the co-diffusion Eq. 14, to get:

cbe%bcos dzCHJr eq
Dy + = Duscos [— 5= + kr.co, 6 co,
bH* X

eq
kp.co, Cp,HCO3
- 2 D =0 [17]
K n,c0,4

The first term in the parentheses on the left-hand side of Eq. 17
can be defined as effective diffusivity of H ions in the presence of
aqueous CO,, which accounts for co-diffusion:

¢l
DI = Dy+ + 220Dy o, [18]
b+
Equation 17 can be further simplified by making use of the
equilibrium expression for Reaction 1, that is, the forward rate is

equal to the backward rate:

Mass
transfer
rate
Velocity
profile z=0
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, RS T,
| Up
Lhel

Lmel

g _ eq
k co, Cp,co, = ke, co, Cp,H,COs [19]

Then, we can transform the co-diffusion Eq. 17 to read:
4
d’cy+ Cpticos

.CO -
Dliﬁ: 2 dx2 + kb,CO2C}iI{-{2C03(1 - cygt| = 0

K n,c05 € f1,c04
[20]

We can also utilize the equilibrium expression for Reaction 2:

cd ¢
b,HCO37 Cy*
Kiyco, = ———— 21]
CH,CO4
and now we can see that the fraction term shown in the parenthesis
in Eq. 20 is equal to the reciprocal of the equilibrium (bulk)

concentration of H* ions, cbeqm; hence, Eq. 20 simplifies to:

2
eff.CO d cy+ eq Cut | _
DH+ 2 —d > + kb,COz Cb,H2C03 1 - P =0 [22]
x Cpu+

Using the equilibrium Eq. 19, we can show that Eq. 22 can be
also written as:

dcy+ cyt
DI =L + ks co, o, | 1 - —’; =0 [23]
dx Cp i+

The final simplification can be done by defining a concept called
the chemical reaction boundary layer:

d2 cyt 1 cyt 1 [24]
2| ea | T [scoiv2| ed T

dx”\ ¢, y+ Gt \ o+

Concentration

profile

Region enlarged

> in Fig. 3

Figure 2. An illustration of velocity (#) and concentration (c¢) profiles in turbulent pipe flow (not drawn to scale), and the corresponding evolution of the
hydrodynamic boundary layer (steady state thicknesses &) and the mass transfer boundary layer (steady state thicknesses J,,). The hydrodynamic boundary layer
starts developing at the pipe inlet and is fully developed at the distance Ly, called the hydrodynamic entry length. Mass transfer starts evolving at z = 0 and is
fully developed at the distance L,,; called the mass transfer entry length. The graph above shows the change of the mass transfer rate along the pipe, starting from
the inlet. The region near the pipe surface for fully developed hydrodynamic and mass transfer conditions is indicated by a red box on the right and enlarged in

Fig. 3.
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where 55%%, has the dimension of length and is the thickness of the

chemical reaction boundary layer for H" ions in aqueous CO,-sa-
turated solutions:

eff ,COy .eq
DH+ Lb,H+

co, _
5r,HJr =

— [25]
ky.co, ¢ co,

The introduction of the chemical reaction boundary layer justifies a
brief explanation. One of the first times this concept was introduced
in the electrochemical literature was in the classical text by
Vetter.>'81? By definition, a boundary layer is a very thin region
close to the metal surface where a given parameter (velocity,
temperature, species concentration, efc.) changes from a value at
the surface to that found in the bulk (see illustration in Fig. 2).*
Beyond the edge of the boundary layer, i.e., in the bulk, the
parameter's value is considered to be constant. When that parameter
is velocity, the boundary layer is called the hydrodynamic boundary
layer; when the parameter is concentration, it is called the mass
transfer boundary layer or interchangeably the diffusion boundary
layer. For turbulent flow of aqueous species, the mass transfer
boundary layer is much thinner and is deeply imbedded in the
hydrodynamic boundary layer, as seen in Fig. 3 and Fig. 4. The
difference in concentrations across the mass transfer boundary layer
is usually caused by a relatively slow rate of mass transfer by
molecular diffusion, between the surface—where the species is
rapidly produced or consumed (in our case the H' ion) by a
heterogeneous electrochemical reaction and the bulk—where con-
vective mixing dominates, and the concentration profile is flat. When
in addition to slow diffusion, there is a homogenous chemical
reaction occurring throughout the solution, which effectively re-
plenishes the reacting species (in our case H* ion), thereby
maintaining equilibrium, the flat concentration profile extends
much closer to the metal surface, as illustrated in Fig. 4. In this
case, the changes in species concentration are limited to an even
thinner region in the very proximity of the surface, where the
consumption rate by the heterogeneous electrochemical reaction
exceeds the production rate by the homogenous chemical reaction.
This thin layer of the solution is called the chemical reaction
boundary layer. For example, a typical thickness of a diffusion
boundary layer in turbulent pipe flow of an aqueous solution is of the
order of microns; the chemical reaction boundary layer in aqueous
CO, solutions is usually an order of magnitude smaller.'®"”

We can always think of the mass transfer boundary layer
thickness J,, y+ as one that would exist if there were no significant
chemical reactions affecting the species concentration in the vicinity
of the metal surface. Likewise, we can imagine that the thickness of

the chemical reaction boundary layer 5;?1%, would be the one

obtained in the absence of any convective mixing affecting the
species concentrations. In reality, the actual thickness of the mass
transfer boundary layer 6 is a single and unique measure of the
distance from the metal surface, over which there is a significant
change in species concentration, and we cannot have two different

measures of this distance, i.e., 5, g+ and 5:1?{1 to be true at the same

time; the actual thickness of the mass transfer boundary layer & is
always equal to the smaller of the two:

8= min (S u+r 62 [26]

Now, we can solve Eq. 24 by introducing a non-dimensional
concentration ratio u:

%The edge of the boundary layer is defined as a location where the value of the

hydrodynamic parameter reaches 90%, 95% or 99% of the bulk value (different
values used in different texts”’”).

cyt

u=— [27]
Cptr+
Thus, Eq. 24 can be expressed as:
d*u (u—1)
= — (28]

N0

This a second order linear heterogeneous differential equation, which
can be solved analytically given the appropriate boundary conditions:
At the metal surface we can set:

forx =0 = cy*+ =cou+ = u = u [29]

where u; = ¢, y+/c, %4 is the non-dimensional surface concentration

of H ions.

At the edge of the diffusion boundary layer, it is assumed that the
solution is thoroughly mixed, with the concentrations being the same
as that in the bulk; hence we can write:

forx =8, n+ = cyr =+ > u =1 [30]

Solving the differential Eq. 28 with boundary conditions (29) and
(30), will result in a solution of the form:

exp| - exp| ———
5w .
ux) =1 — uy) + +1
26, 26,
exp C;)H+ -1 exp| — CE)H+ -
6r, H2+ 5r. H2+

(31]

The flux of H* ions at the metal surface in aqueous CO,-saturated
solutions can be expressed as:

dey+ v o du(x
S = -pdicos chjg{+—( ) [32]

Nl = _Deff»COZ
|x i dx x=0 dx x=0

So, by using Eq. 31, the flux will be equal to:

25m, H* +1
exp| —&5
(I = uy) Dliﬁ-:’coz Cbez.p- 6r, H2+
Nlmp = - u [33]
5r, H* 25m, H+ -1
exp 5C0;
r, Ht
or in terms of cy+ concentration:
25”1 H+
) exp C’O + 1
N (s — coun) DL DheE:
x=0 == co
5r,H*2' ex 25m,H+ _
r,
7,CO
(Cytye = cout) D02 S+
= - ) coth I [34]
5r,H% r,H%

In a limiting current density scenario, when the rate of the overall
electrochemical Reaction 5 is governed by the rds Reaction 1, all the
H* ions that arrive at the metal surface by diffusion, Reaction 3, as
well as those that are locally produced by the dissociation Reaction
2, are consumed almost instantaneously by the fast charge transfer
Reaction 4; hence, the concentration of H* ions at the metal surface
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Figure 3. An enlargement of the region near a solid surface in fully developed turbulent flow (not drawn to scale) showing the decay of turbulent mixing as the
surface is approached and the resulting velocity (#) and species concentration (¢) profiles in relation to the hydrodynamic boundary layer thickness J, and the

mass transfer boundary layer thickness J,,.

turbulent bulk flow
with diffusion

Ch

mass transfer boundary layer| 0 = 8

turbulent bulk flow
with diffusion and a preceding
chemical reaction

Ch

Figure 4. An illustration of species concentration profile in fully developed turbulent flow in relation to the mass transfer boundary layer thickness &,, and
chemical reaction boundary layer thickness &,. The actual thickness of the mass transfer boundary layer is ¢ (see Eq. 26).

approaches zero: cy+ = 0. Then, we can set ¢; g+ = 0 in Eq. 34 and
multiply the resulting flux by the Faraday constant F, in order to
obtain the limiting current density® for the diffusion of H* ions with
buffering due the presence of CO,:

eff ,COy eq
jhuff.CO> _ F D26,y oth S H+ 35]
limHY T 502 ¢ 5C02

r,H* r,Ht

By returning 5rcﬁi from Eq. 25, we can derive an alternative
expression for the limiting current density:

S 1+
buff .COy _ eff .COp eq eq m, H
iSO = F\[ DI Ky co, citho, ity coth| et [36]
r, Ht

This is a general expression, which also holds at the limits. For
example, when there is no CO, in the aqueous solution: ¢; %, = 0 and
therefore ¢;%; -0, = 0, there is no buffering, and the resulting limiting
current density should become equal to a pure diffusion limiting current
density of H* ions. It can be easily shown that this is true, by taking a
limit of Eq. 36 when ¢, %o, — 0; this transforms Eq. 36 into Eq. 7 for
pure mass transfer H* ion limiting current density.

Equation 36 is similar to Eq. 8, originally derived by Vetter’s® with
a modification for the flow effect introduced by Nesic et al.;15 however,
Eq. 36 is more general than expression (8), as it covers the effect of pH
(via the c,f?m term) in addition to the effect of CO; (via the ¢, ¢, term).

In many cases, the term coth (6,,,,H+/6rcgf), which accounts for the

effect of flow, is close to 1; examples are stagnant solutions, low flow
rates, and high temperatures; in these cases, Eq. 36 simplifies to:
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S = F\[ DI ky co, ik, e [37]
which reminds of the original Vetter’s original equation® derived for
stagnant solutions. This simpler version of the limiting current density
equation covers a lot of practical scenarios; however, it is not
sufficiently general and falters as the limits are approached. When
there is no CO, in the aqueous solution, by setting ¢;%, — 0 in

Eq. 37, it gives ili.’rﬁffl’{g‘)z = 0, what is obviously erroneous. Therefore, it

is recommended to use the general expression given by Eq. 36, which
now replaces the old and inadequate model represented by Eq. 9.

Implementation of the New Cathodic Limiting Current Density
for Aqueous CO, Solutions

In calculation of the limiting current density via Eq. 36, a number
of parameters need to be defined, such as: solution pH (i.e., H" ion
concentration), amount of dissolved CO, in solution, reaction rate
constant for the CO, hydration reaction, flow geometry, and solution
velocity, as well as key solution properties, such as: temperature,
ionic strength, density, viscosity, and diffusivities of dissolved
species. The implementation of the model presented here is focused
on solutions that behave as ideal solutions or close to ideal solutions,
up to approximately 3 wt.% salt. However, it has also been shown
that the model predictions can be reasonably accurate in estimation
of the limiting current density for concentrated brines up to 20 wt.%
salt, when the effect of non-ideality is accounted for by using
activity coefficients and the corrections for physical properties of the
solution, which is a subject of a separate publication.®

There are many models for the calculation of solubility and speciation
in aqueous CO, solutions. Some of them are relatively simple, while
others are complex, particularly when it comes to non-ideal
solutions.****° The model presented below belongs to the first category.

For a solution with known pH, H* ion concentration can be
simply calculated by using:

mt. = 1071 [38]

where, m,f,‘i_l+ is concentration of H* ionin the bulk solution in
molality. In order to convert molality to molarity,® the solution
density is required, which is given for aqueous NaCl solutions in the
following text. For a solution with unknown pH, speciation calcula-
tions are required, which are described in detail for aqueous
CO,-saturated NaCl solutions elsewhere 5343641

The amount of dissolved CO; in an aqueous solution is usually
obtained from a known CO, partial pressure in the gas phase, pco,.
For an open system, such as a wet gas pipeline or a laboratory glass
cell purged with CO, gas, in which pco, can be assumed to be
constant and explicitly known, one can simply use an equilibrium

equation proposed by Oddo and Tomson.>*
CCOxa
Heo, = ——* [39]
Pcoy
for the gas-liquid solubility reaction:
Hco,
COy, 2 COoag [40]

where, cco, is the concentration of dissolved CO, in M. When pco,

is expressed in bar, then the Henry’s constant in M/bar can be
calculated from:

14.5 % 10~ (2:27+5.65x1073 T;=8.06x 107 T7+0.075 1)

Hco, =
> 1+ Kyuco,

[41]

Here, Ty is the temperature in Fahrenheit, / is the solution ionic
strength in molarity, and Kjy4, co, is the equilibrium constant fort the
hydration Reaction 1. It should be noted that in the original
publication of Oddo and Tomson,™ the concentrations of COs )
and H,COj; are lumped together and therefore their Henry’s constant
is related to this lumped CO; concentration. The ratio (1 + K4 co,)
is added to the original Oddo and Tomson®* equation in order to
calculate only the CO,(,q) concentration. Given that only 1 out of 500
dissolved CO; molecules is hydrated to give HyCO3(uq) (Kpya,co, =
0.002 at 25 °C),**? the impact of this correction will be very small
on COy(,q) concentration.

For closed systems, such as: oil pipelines, pressurized tanks, and
laboratory autoclaves, the CO, solubility calculation is more compli-
cated, as pco, is not explicitly known and involves solving the gas-
liquid equilibrium equation simultaneously with the aqueous equilibria
equations and a mass balance equation for carbonic species.

In order to calculate the effective diffusivity D:{Q:,COZ, the
diffusivities Dy+ and Dy,co, in aqueous solutions are required. At
298.15 K and infinite dilution in water the values of Dy+ and Dy,co,

can be found in the open literature.*** To correct the diffusion
coefficients for temperature and NaCl concentration of interest the

following equations can be used:***>
Dy, p , A
i __T 29815H0 (i _ B ) ]
Dissisi 29815 H1.my0 T  298.15
D
Do =1 - K; /Cnai [43]

T,i

where T is solution temperature in K, 293 15 1,0 is dynamic viscosity
of water at 298.15 K in Pa-s, p7 1,0 is dynamic viscosity of water at
temperature 7' in Pa-s, D3yg 15 ; is diffusion coefficient of species i at
298.15 K and infinite dilution in water in m* s~ ', D¢, is diffusion
coefficient of species i at temperature T and infinite dilution in water
in m? s™', B; is an adjustable constant for species i in K, ¢ is
concentration of NaCl aqueous solution in M, D; is diffusion
coefficient of species i at temperature 7 and supporting electrolyte
concentration of ¢ in m? s~', and K; is an adjustable coefficient for
species i in NaCl aqueous solutions in M~%. The values for H* ion
and H,CO; diffusivities at 298.15 K and infinite dilution in water as
well as B; and K; for these species are given in Table I.

The forward and backward reaction rate constants for the
hydration of dissolved CO,, Reaction 1, in 1/s are taken from,*®
with minor corrections:

74011
k =322 x 10Mex (——) 44
f.CO, p RT [44]
kp,co, = 4.86 X lolzexp (—%) [45]

The equilibrium constant for the hydration of dissolved CO,,
Reaction 1 is then:

k .
/.0 [46]

9553
Kiya,co, = )

= 6.62 X 10~2exp (——
5,CO,» RT

where R= 8.3145Jmol~' K™' is the gas constant and T is the
solution temperature in K.

Once these values are known, (SVC?{& in m can be calculated from

Eq. 25. The thickness of the mass transfer boundary layer for H ions
can be found from:
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Table 1. Diffusion coefficient at 298.15 K and infinite dilution in
water and constants used in Eqgs. 42 and 43 for H' ion and H,CO;.

Species i H H,COs References
Djog1s.; (m>s™") 9312 x 107° 1465 x 107° 8,43
B; 837.79 0 8,44
K; M99 0.271 0.151 8
D+
S+ = —1 [47]
m,Ht

where k,, i+ is the mass transfer coefficient for H* ions in an aqueous
solution in m s~ ' and depends on the flow geometry as well as the
flow velocity. Typically, for a given flow geometry, one can find
kyp+ from an empirical mass transfer correlation, defined for that
geometry, in terms of a nondimensional Sherwood number:

kn1,H+L

Shy+ = = a Re*Sc” [48]

H+

where L is the characteristic dimension for the flow geometry of
interest (e.g., pipe diameter, or cylinder diameter, etc.) in m, while a,
x, and y are empirical constants determined for that flow
geometry.”*"* For example, for a pipe geometry, @ = 0.0165, x =
0.86,and y = 0.33*® orfora rotating cylinder, a = 0.0791, x = 0.7, and
y = 0.356.*” The nondimensional Reynolds number is defined as:

_ pxolVL _ VL

Ko Usol

Re [49]

where, V is the bulk velocity in m s™", p,, is the aqueous solution
density in kg m >, p,; is the solution dynamic viscosity in Pa-s and
Vsol = Hsol!Psor 18 the solution kinematic viscosity in m?s L.

The nondimensional Schmidt number is defined as:

DH+

Vsol

Syt = [50]

The density and viscosity of an aqueous solution depend
primarily on temperature and dissolved salt concentration. The
density and viscosity of aqueous NaCl solutions can be calculated
by using the Batzle and Wang model:>

Pio = 1+ 1 X 1075(=80T; — 3.372 + 0.00175T}

+489P — 2T,P + 0.016T2P — 1.3 x 107572p  [31]
- 0.333P% - 0.002 7,P?)

Psol = PHy0 + S[0.668 + 0.44S + 1076

X (300P — 2400PS + T.(80 + 3T, — 33008 — 13P + 47PS))]
[52]

fy, = 107 + 3.33 x 10745 + 1073(1.65 + 91.95%)
X exp (—(0.42(S*% ~ 0.17)% + 0.045)T7%) [53]

where pp,o and py, are the pure water and the aqueous NaCl
solution density in g cm ™, respectively, 7, is the solution tempera-
ture in °C, P is the total pressure in MPa, u,, is the dynamic
viscosity of the aqueous NaCl solution in Pa-s, and § is the salt
weight (mass) fraction calculated as:

Malr

S§=——— [54]

Myygrer + Myqly
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Figure 5. The limiting current density for H ion reduction in CO,-saturated
aqueous solutions as a function of CO, partial pressure, for pH4 and pHS5, at
10 °C (A) and 30 °C (B). Dashed lines are obtained using the new model.
Points are experimental values obtained by Kahyarian et al.” in turbulent
flow through a thin channel with a thickness of 3.57 mm and a flow velocity
of 129 m s !, using 0.1 M NaCl aqueous CO,-saturated solution. Error bars
are obtained by accounting for the data scatter in the original measurements.

where, my,;, is the mass of salt and m,,,,, is the mass of water in the
solution.

Verification of the New Cathodic Limiting Current Density
for Aqueous CO; Solutions

In order to check the performance of the proposed model for
calculating the limiting current density in aqueous CO;-saturated
solutions, the most accurate experimental data were sought.”346->1-32
The selected data were demonstrably reproducible, had a low margin
of experimental error and have covered a broad range of conditions:
pco, = 0 — 15 bar, pH3—pH6, T = 10-80 °C, and NaCl concen-
trations 0—-1 wt.%. They came from four different flow setups:
rotating disk flow, rotating cylinder flow, pipe flow, and flow
between parallel plates (total of 32 experiments) and involved DC
potentiodynamic polarization measurements. To the best of our
knowledge, there are no similar studies that were done using
transient techniques such as EIS or EHD that would provide
additional experimental data useful in this verification. The existing
studies using EIS and EHD are either pure theoretical models of the
CE mechanism,”® or they are limited to determining transport
properties of electrolytes in pure mass transfer controlled systems,
such as diffusion coefficient or Schmidt number.>>-*

The few graphs presented below indicate the performance of the
model. A sample comparison presented in Fig. 5 shows that the
model captures the increasing trend in the limiting current density
with pco,. The calculated values are close to the measured ones, in
many cases passing within the error bars, which represent the scatter
in the measurements. Similar increasing trends were obtained with
temperature and velocity and a decreasing trend was seen with pH,
as would be expected.

A more comprehensive comparison can be seen in the parity plot
shown in Fig. 6, which shows all the experimental data points used.
The calculations were done by using both the old model, where the
limiting current density was obtained with Eq. 9, and the new model
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Figure 6. A parity plot showing the comparison between the measured
limiting current densities and the calculated ones, for a variety of conditions
covering a broad range of conditions: p¢, = 0-15 bar, pH3—pH6, T = 10 °
C-80 °C, and coming from four different flow setups: rotating disk flow,
rotating cylinder flow, pipe flow, and flow between parallel plates.”*4->1-52
The red circles represent the old model where the calculations were done
using Eq. 9 and the blue squares represent the new model using Eq. 36.
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Figure 7. Comparison between the old and the new equations for calculating
the limiting current density in aqueous CO,-saturated solution shown by a
box-and-whisker plot (min, quartile 1, median, quartile 3, and max).

which is based on Eq. 36. It can be argued that both models
performed quite well overall and that, from this graph, it is difficult
to state that one is more accurate than the other. This can be better
seen in Fig. 7, where the error metrics for the two models are shown
in the form of a “box and whiskers” plot. When compared to the
measured values it appears that the new model has slightly better
accuracy as it has a slightly lower mean error and an overall smaller
spread. However, the key point is that the new model is based on the
corrected cathodic reaction mechanism, while the old model is not.
There is a good reason why the old model gives reasonable
predictions: it also includes co-diffusion of H* and H,COs, just
like the new model does; however, in the old model this co-diffusion
happens without any chemical reactions between them, i.e., each

species diffuses independently from the other, what is not physically
correct. This was corrected in the new model.

Conclusions

The following are the major conclusions reached in this study:

® A new approach for calculating the limiting current density for

the H' reduction reaction in aqueous CO, solutions is proposed.

fo

® The new model is based on the recently corrected mechanism
r the cathodic reactions in aqueous CO; solutions.
® The new model relies on solving the co-diffusion of H* and

H,CO; in the mass transfer boundary layer, with a simultaneous
homogeneous chemical reaction.

® The performance of the new model is successfully validated by

comparing it with experimental data which were demonstrably
reproducible, had a low margin of experimental error and covered
a broad range of conditions.
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