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ABSTRACT: In the oil and gas industry, the dissolution rate of
metal-based materials exposed to an aqueous phase is often
controlled by the presence of surface layers such as corrosion
products. Knowing the characteristics and rate of formation of
these surface layers can help assess the level of protection against
corrosion they provide and can permit the development of a
successful asset integrity program. The appropriate determination
of species concentration is a key aspect of accurately predicting the
precipitation rate of corrosion products, more specifically of
FeCO3, which is the main product of corrosion of steel in CO2-
containing environments. While aqueous speciation in low-salinity
brine is well-established, the effects of high NaCl contents (NaCl
≥ 3 wt %) on water chemistry and FeCO3 precipitation are less defined. In this work, two fundamental aspects of H2O/Fe/CO2
system speciation in high salinity brine are discussed: the consumption of Fe2+ due to the formation of ferrous chloride (FeCl+)
complex and the dependence of Kca, the first dissociation constant of H2CO3, on ionic strength. This leads to a comprehensive
revision of the models used to calculate the solubility product of iron carbonate (FeCO3), Ksp,FeCO3

. In parallel, the kinetics of FeCO3

precipitation are experimentally investigated using an electrochemical quartz crystal microbalance (EQCM) in concentrated NaCl
solutions at varied temperatures (50−80 °C). This led to the development of a new kinetics model for FeCO3 precipitation that now
considers the nonideality of the solutions.

■ INTRODUCTION

Corrosion prevention and control represent an important issue
of study in the oil and gas industry, as internal corrosion of a
pipeline is encountered during daily operation. The aqueous
CO2 corrosion of carbon steel includes a complex system of
interrelated processes that contains homogeneous aqueous
CO2 chemical reactions and electrochemical reactions at the
surface of carbon steel. The heterogeneous precipitation of
iron carbonate (FeCO3), the most common corrosion product
in aqueous CO2 corrosion of mild steel, may be triggered at the
surface of carbon steel depending on the operating conditions.1

CO2 gas is not corrosive by itself. However, as it dissolves in
an aqueous solution, as shown in reaction 1, it will lead to the
formation of a weak acid. The chemistry of an aqueous
solution containing dissolved CO2(aq) involves the hydration of
CO2(aq) to form carbonic acid (reaction 3), H2CO3 (a weak
acid), followed by two partial dissociation steps (reactions 5
and 7). These chemical reactions, as well as the expressions of
the corresponding equilibrium constants, are listed in Table 1.
Iron is then electrochemically dissolved at the anodic site to

release ferrous ions when corrosion occurs:

Fe Fe 2e2
(aq)→ ++ −

(9)

Simultaneously, hydrogen ion reduction takes place at the
cathodic site:2

2H 2e H(aq) 2(g)+ →+ −
(10)

FeCO3 precipitates from solution via the following reaction:

Fe CO FeCO2
(aq) 3

2
(aq) 3(s)F++ −

(11)

when the concentration product of Fe2+(aq) and CO3
2−

(aq)

exceeds the solubility product, Ksp,FeCO3
, as defined by eq 12,

where cFeeq2+ and cCO3,eq
2− (mol·L−1) are the equilibrium aqueous

concentration of Fe2+ and CO3
2−, and Ksp,FeCO3

(mol2·L−2) is a
function that depends on both temperature (TK in Kelvin) and
ionic strength (I in mol·L−1):
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K c csp,FeCO Fe CO3 eq
2

3,eq
2= ×+ − (12)

where the ionic strength, a parameter that is used to represent
the nonideal behavior in water chemistry,3−6 can be calculated
from the concentration cj and charge zj of different species in
the solution:

I c z
1
2 j j j

2= Σ
(13)

Oddo and Tomson created a set of empirical equations7 to
determine some of the equilibrium constants mentioned above
based on ionic strength and partial pressure of CO2:

K
14.5

1.00258
10 T T I

sol,CO
(2.27 5.65 10 8.06 10 0.075 )f f

2

3 6 2
= × − + × − × +− −

(14)

K 387.6

10 T T p I I

ca

(6.41 1.594 10 8.52 10 3.07 10 0.4772 0.11807 )f f
3 6 2 5

CO2
1/2

=

× − − × + × − × − +− − −

(15)

K

10 T T p I I

bi

(10.61 4.97 10 1.331 10 2.624 10 1.166 0.34661 )3
f

5
f
2 5

CO2
1/2

=
− − × + × − × − +− − −

(16)

where Tf is temperature in Fahrenheit and pCO2
is partial

pressure of CO2 in psi. The value of Khyd was determined to be
2.58 × 10−3 at 25 °C and 2.31 × 10−3 at 300 °C by Palmer and
Eldik.8

The Oddo−Tomson model has been widely circulated in
CO2 related water chemistry calculation.1,9−11 However, when
comparing the predicted pH using Oddo−Tomson model with
experimental data at three different temperatures (80, 50, and
30 °C), Gao12 noticed the predictions are close to the
measurements only when the NaCl concentration in solution is
lower than 5 wt % (I < 0.9 mol·L−1) and deviate more and
more from the measurements as the NaCl concentration is
increased. All three equilibrium constants in the Oddo−
Tomson model are ionic-strength-dependent and affect the
accuracy of pH prediction. Among these three constants, it was
shown12 that the concentration of dissolved carbon dioxide,
cCO2

, calculated using Ksol,CO2
, agrees well with measurements.13

Kbi is significantly smaller than Kca (by about 5 orders of
magnitude) under the tested conditions; thus, the proton
production through reaction 7 is negligible as compared to that
by reaction 5. On the basis of these observations, it can be
concluded that the inaccuracy behind the expression of Kca
plays a key role in explaining the deviation and the eq 15
should be revised.

Efforts have been made to develop mathematical correla-
tions between Ksp,FeCO3

versus temperature14−19 and Ksp,FeCO3

versus I.20 After comparing the predictions with measurements
across different studies, a Ksp,FeCO3

model, that includes the
effects of temperature and ionic strength simultaneously, was
developed by Sun and Nesic21 by numerically combining a
temperature-dependent Ksp,FeCO3

model proposed by Green-
berg and Tomson14 together with an ionic-strength-dependent
Ksp,FeCO3

model proposed by Silva et al.:20

K T
T

T I I

log 59.3498 0.041377
2.1963

24.5724 log 2.518 0.657

sp,FeCO K
K

K
0.5

3
= − − −

+ + − (17)

This equation has been used in corrosion models9,22 as well as
FeCO3 precipitation kinetics models.23,24 However, in their
recent work, Gao12 challenged the above-mentioned expres-
sion of Ksp,FeCO3

and showed that the predicted Ksp,FeCO3
starts

to deviate from measurements in a 5 wt % NaCl brine, and the
deviation keeps increasing with the increase of the NaCl
concentration in solutions. To solve this, Gao proposed some
modifications to the two ionic-strength-dependent terms in eq
17 to better fit the measurements. Unfortunately, the
possibility of forming ferrous chloride (FeCl+),25,26 a complex
that tends to form in chloride-containing solutions, was not
considered in their work. This leaves the validity of the
Ksp,FeCO3

equations contentious, as the formation of FeCl+

could significantly decrease the actual amount of freely
available ferrous ions in solutions.
The formation of FeCO3 on a steel surface is believed to

influence the corrosion process,27−29 and several models have
been developed to predict FeCO3 precipitation kinetics based
on experimental measurements.14,23,24,30,31 Sun was the first to
propose a model (S&N model) based on measuring the mass
of FeCO3 precipitated directly on a steel sample.23 Other
models developed before the S&N model determined the
precipitated FeCO3 mass indirectly via tracking the change of
Fe2+ concentration in bulk solution.14,30,31 Because of this
difference in experimental methodology, it has been argued
that the S&N model provides more accurate predictions.23 A
later model proposed by Ma et al.24 confirmed that the driving
force for the precipitation process is a function of (SFeCO3

− 1)

and that the precipitation rate (PRFeCO3
) could be calculated

following the equation suggested by the S&N model:

k K SPR e ( 1)G RT
FeCO r,FeCO

/
sp,FeCO FeCO3 3

FeCO3
3 3

= −−Δ*

(18)

Table 1. Chemical Reactions in an Aqueous CO2 Solution and Corresponding Equilibrium Expressions

name chemical reaction equilibrium expression

CO2 dissolution CO CO2(g) 2(aq)F (1) K
c

psol,CO
CO

CO
2

2

2

=
(2)

CO2 hydration CO H O H CO2(aq) 2 (l) 2 3(aq)F+ (3) K
c

chyd
H CO

CO

2 3

2

=
(4)

carbonic acid dissociation H CO H HCO2 3(aq) (aq) 3 (aq)F ++ −
(5) K

c c

cca
HCO H

H CO

3

2 3

=
×− +

(6)

bicarbonate ion dissociation HCO H CO3 (aq) (aq) 3
2

(aq)F +− + −
(7) K

c c

cbi
CO H

HCO

3
2

3

=
×− +

− (8)
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where kr,FeCO3
in m4·mol−1·s−1 is the kinetic constant, Δ*GFeCO3

in J·mol−1 is the activation energy of FeCO3 precipitation, and
the saturation level of FeCO3, SFeCO3

, is defined as

S
c c

KFeCO
Fe CO

sp,FeCO
3

free
2

3
2

3

=
×+ −

(19)

cFefree2+ represents the concentration of freely available ferrous
ions in solutions.
By using electrochemical quartz crystal microbalance

(EQCM), Ma et al.24 were able to monitor the real-time
mass change of precipitated FeCO3 on sample surface. This
technique largely enhanced the accuracy of the measurements,
as the S&N model was based on the measurements of the
time-averaged mass change of precipitated FeCO3. However,
the updated values of kr,FeCO3

(3.32 × 107 m4·mol−1·s−1) and

Δ*GFeCO3
. (73 739 J·mol−1) obtained in Ma et al.’s work

cannot yet be directly applied in most of the nonideal
solutions. These two parameters were calibrated in only 1 wt %
NaCl solution, and they were calibrated based on incorrect
SFeCO3

values. The expressions used to calculate cCO3
2− and

Ksp,FeCO3
have been shown to be inaccurate in NaCl

concentrated solutions; instead of cFefree2+ , total cFe2+ (including
both FeCl+ and freely available Fe2+) was mistakenly used
during the calculations. These issues are nevertheless only
significant at high NaCl contents.
In this paper, the effect of salinity on the consumption of

Fe2+ is evaluated as a function of temperature and NaCl
concentration (in terms of ionic strength), and updates are
proposed to the equations used to determine Kca, the first
dissociation constant of H2CO3, and the solubility product of
FeCO3, Ksp,FeCO3

. Beyond that, the precipitation kinetics of
FeCO3 are investigated using EQCM in solutions with varied
NaCl concentrations to elucidate the effect of solution salinity
on FeCO3 precipitation kinetics.

■ IMPROVEMENT TO WATER SPECIATION IN CO2
ENVIRONMENTS

Freely Available Fe2+ in NaCl Solutions. As introduced
above, the actual amount of Fe2+ in solution that is freely
available for FeCO3 precipitation is dependent on the
formation of FeCl+ complex in NaCl aqueous solutions.25

The formation reaction for FeCl+ is considered as follows:

Fe Cl FeCl(free)(aq)
2

(aq) (aq)F++ − +
(20)

Its corresponding equilibrium constant expression, K1, is thus
defined as

K
a

a a1
FeCl

Fe Clfree
2

=
×

+

+ − (21)

where aj, the activity of species j, is the product of molality mi
in mol/kg(H2O) and activity coefficient γi; K1 is dependent on
temperature as follows:25

K
T

Tlog 7.1783
911.13

0.0134071
K

K= − + +
(22)

Meanwhile, assuming that no other Fe2+ complexes form, the
mass balance on Fe2+ (eq 23), can be used to express the total
ferrous species molality in solution, mFe

2+
,total as a function of

the molality of FeCl+, mFeCl
+, and free Fe2+, mFe

2+
,free:

m m mFeCl Fe ,free Fe ,total2 2+ =+ + + (23)

The molality ratio between the free Fe2+ and total Fe2+, RFe
2+,

can thus be calculated if eqs 21 and 23 are combined:

R
m

m K mFe
Fe ,free

Fe ,total

FeCl

1 Fe Cl Cl FeCl

2

2

2 2

γ
γ γ γ

= =
· · · +

+
+

+

+

+ − − + (24)

This clearly shows that RFe
2+ is dependent on the nonideality of

the given solution,25,26 as indicated by the presence of activity
coefficients, which cannot be assumed to be unity in highly
concentrated solutions.
On the basis of eqs 22 and 24, the dependency of RFe

2+ on
temperature can be mathematically examined. By considering
solutions containing 100 ppm (wt) total Fe2+ and pH 6.6 as an
example (a condition that was normally used for FeCO3
precipitation experiment as will be covered in a later section),
RFe

2+ has only a marginal dependence on temperature, both
with 1 and 25 wt % NaCl solutions. Only about 4% more
FeCl+ is formed when the temperature is raised from 10 to 90
°C in solution with 1 wt % NaCl, and there is almost no
change in RFe

2+ for 25 wt % NaCl over the same temperature
range.
The effect of NaCl concentration on RFe

2+ is much stronger
as shown in Figure 1 (90 °C, 100 ppm (wt) total Fe2+ and pH

6.6). At 90 °C, RFe
2+ is 93% with 1 wt % NaCl, suggesting that

7% of Fe2+ is already converted to FeCl+. However, RFe
2+

decreases to 62% when the solution contains 10 wt % NaCl,
meaning that close to half of the total Fe2+ ions is no longer
available as free Fe2+. With 25 wt % NaCl, about 90% of the
total Fe2+ ions are in the form of FeCl+ complexes. This leaves
only 10% of the total Fe2+ ions free and available to possibly
precipitate into FeCO3. On the basis of this observation, it can
be concluded that any calculation ignoring the formation of
FeCl+ could lead to an overestimation of the free Fe2+

concentration and consequently of SFeCO3
, especially with

high NaCl content.
Many research works bypass the calculation complexity of

nonideal models (i.e., use of activity coefficients in eq 24) by
considering the effect of ionic strength, I. This parameter
reflects the solution nonideality7,12,20,23,27 and is much easier to
access and implement; however, there is a cost in terms of
model accuracy and expandability. Since many models still use
the “ionic strength” approach (instead of the “activity”
approach as in eqs 21 and 24), the development of a
correlation identifying the dependence of RFe

2+ on ionic

Figure 1. RFe
2+ dependence on NaCl concentration with 100 ppm

(wt) total Fe2+ and pH 6.6.
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strength would be quite valuable as it would greatly simplify
the calculation process. To fulfill this purpose, the equilibrium
constant for reaction 20 is redefined in the form of
concentration (mol/L) instead of activity:

K
c

c c2
FeCl

Fe Clfree
2

=
+

+ − (25)

Since the total concentration of Fe2+, cFetotal2+ , is conserved in
solution, K2 can also be calculated via the following equation:

K
c c

c c2
Fe Fe

Fe Cl

total
2

free
2

free
2

=
−+ +

+ − (26)

It is now assumed that K2, calculated via concentration, should
follow the same dependency with temperature as for K1.
Furthermore, the nonideality of the solution is addressed by
including an ionic strength dependency in the expression of K2.
Consequently, K2 can be expressed in terms representing its
dependency on temperature and ionic strength:

K f I
T

Tlog ( )
911.13

0.013407K2
K

K2
= + −

(27)

This leads to eq 28 after putting the temperature terms
together with log K2 and moving the ionic-strength-dependent
term f(I)K2

to the left-hand side of the equation:

f I K
T

T( ) log
911.13

0.013407K 2
K

K2
= − +

(28)

In order to derive K2, an in-house solver (WELLCORP),34

based on the Pitzer activity model, was employed to calculate
molalities and activity coefficients of species in solutions with
1, 5, 10, 15, and 25 wt % NaCl at varied temperatures from 10
to 90 °C at a 10 °C interval. The corresponding concentrations
in molality (mol/kg) are converted to molarity (mol/L) when
the solution density for water (ρW in g/cm3, eq 29) and for
brine (ρB in g/cm3, eq 30)35 and solution volume in L (eq 31)
are known:

T T T P

T P T P T P P

T P

1 1 10 ( 80 3.3 0.00175 489

2 0.016 1.3 10 0.333

0.002 )

W
6

c c
2

c
3

c c
2 5

c
3 2

c

ρ = + × − − + +

− + − × −

−

−

(29)

c c

P Pc T T

c P Pc

0.668 0.44

1 10 300 2400 (80 3

3300 13 47 )

B W NaCl NaCl

6
NaCl c c

NaCl NaCl

ρ ρ= + { +

+ × [ − + +

− − + ]}

−

(30)

Vol. of Brine
total mass of NaCl and H O2

Bρ
=

(31)

where Tc is the temperature in Celsius, P is the total pressure
in Mpa, and cNaCl is the weight fraction of NaCl.
f(I)K2

is plotted against I0.5 (where the black dots are the

calculated f(I)K2
over different temperatures and salt

concentrations) in Figure 2. A dependency with I0.5, rather
than I, results in a better fit. The complete expression of K2 can
then be derived using a non-linear least-squares fitting method,
and its final equation is written as eq 32:

K T
T

I

I

log 7.4798 0.013407
911.13

0.4561

0.816

2 K
K

0.5

= − + + +

− (32)

Revision of Kca. The expression of Kca originally proposed
by Oddo and Tomson12 refers to concentrations (instead of
activities) and already includes a dependence on I0.5, as shown
in eq 15.7 The expression agrees well with experimental
measurements in solutions containing relatively low NaCl
concentration (≤5 wt %) over a wide range of temperatures.
However, a deviation appears in more concentrated solutions,
which signals a need to adjust the terms initially proposed to
cover the effect of ionic strength.
Equation 15 is rewritten to isolate the ionic strength and the

temperature-pressure-dependent terms, as shown in eq 33. The
ionic strength term (denoted as f(I)Kca

) is used to quantify the
updated dependence on ionic strength by plotting the values
calculated at different temperatures against I. An expression for
f(I) can then be obtained using a nonlinear least-squares fitting
method.

f I K T

T p

( ) log 387.6 log 1.594 10

8.52 10 3.07 10

K ca
3

f

6
f

2 5
CO

ca

2

= − + ×

− × + ×

−

− −
(33)

Experimental values for Kca were determined by collecting
measured pH over different temperatures (5−80 °C) in
solutions containing dissolved CO2 (0.53−0.99 bar) and with
various salt concentrations (0.1−25 wt %) from the
literature.12,36,37 Equation 33 is plotted against I0.5 as dots in
Figure 3, where the dotted line is the best fit obtained over the
entire range of temperature selected. As can be seen from the
figure, rather than the quadratic correlation with I0.5 as
suggested by eq 15,7 as well as proposed by the expressions of
Oddo and Tomson7 and Gao,12 the best fit involves a linear
dependency with I0.5. This agrees with experimental results
measured by Lyman38 and Mehrbach et al.39 The final
equation of Kca is written as eq 34:

K 387.6

10 T T p I

ca

(6.6216 1.594 10 8.52 10 3.07 10 0.7379 )3
f

6
f

2 5
CO2

1/2

=

× − − × + × − × −− − −

(34)

Experimentally measured pH values are compared in Figure
4 with the predictions using the original Kca expression from
Oddo and Tomson,7 as shown in eq 15 and the modified Kca
equation (eq 34) at different temperatures. For all the

Figure 2. Fitting line for f(I)K2
vs I0.5 for temperature between 10 to

90 °C.
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temperatures tested, from 5 to 80 °C (with a partial pressure of
CO2 ranging from 0.53 to 0.99 bar), the predictions using the
updated Kca expression not only exhibit the same trend as
observed from measurements but also agree much better

(within 4% difference) with experimental values than Oddo
and Tomson’s equation. The improvement is especially
significant in the more concentrated solutions (NaCl > 5 wt
%).

Revision of Ksp,FeCO3
. In a manner similar to that for Kca, the

expression developed for Ksp,FeCO3
is also recalibrated to better

account for nonideality, for the presence of FeCl+ complex
formation,25 and for the change in the value of Kca in CO2

corrosion environments. Ksp,FeCO3
represents the equilibrium

state between precipitation and dissolution of FeCO3. Under
this circumstance, the value of Ksp,FeCO3

, as explained in eq 12,
is expressed as the concentration product of freely available
Fe2+(aq) and CO3

2−
(aq). This means that at equilibrium Ksp,FeCO3

can be directly calculated if cFefree2+ and cCO3
2− are both known.

Gao12 calculated Ksp,FeCO3
in this manner but failed to consider

the FeCl+ formation and, consequently, cFefree2+ was over-

estimated. To correct this issue, the actual cFefree2+ in Gao’s

Figure 3. f(I)Kca
vs I0.5 at different temperatures.12,36,37

Figure 4. pH comparison between model calculations7 and experimental results12,36,37 at different temperatures.
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work was recalculated using eq 24. In addition, the
corresponding cCO3

2− was also recalculated using the modified
Kca presented earlier (eq 34).
The correlation between Ksp,FeCO3

and ionic strength can be
explored using a similar methodology that has been used to
extract K2 and Kca. The original expression for Ksp,FeCO3

(eq 17)
is rewritten to isolate the temperature- and ionic-strength-
dependent terms (denoted as f(I)Ksp,FeCO3

in eq 35). An

expression for f(I)Ksp,FeCO3
can easily be obtained by plotting

the f(I)Ksp,FeCO3
against I0.5.

K f I T
T

T

log ( ) 0.041377
2.1963

24.5724 log

Ksp,FeCO K
K

K

3 sp,FeCO3
= − −

+ (35)

f I K T
T

T

( ) log 0.041377
2.1963

24.5724 log

K sp,FeCO K
K

K

sp,FeCO3 3
= + +

− (36)

As mentioned earlier, the experimental data used to perform
the calibration are taken from Gao’s work.12 The experiments
were conducted with brines containing salt concentration
ranges from 1 to 25 wt % at 80 °C. The calculated f(I)Ksp,FeCO3

versus I0.5 based on the above-mentioned procedure is
presented in Figure 5, where the black dots are the calculations

over six different salt concentrations. A modified expression of
Ksp,FeCO3

can now be determined from the best fit line, and its
final equation is written in eq 37:

K T
T

T I I

log 59.4 0.041377
2.1963

24.5724 log 2.6349 1.0027

sp,FeCO K
K

K
0.5

3
= − − −

+ + −
(37)

SFeCO3
in Gao’s work12 are recalculated using the modified

Kca and Ksp,FeCO3
expressions and plotted (diamonds) in Figure

6. The results are compared with the predicted SFeCO3
(dots),

calculated via Oddo−Tomson’s Kca
7 and the S&N model’s

Ksp,FeCO3
.21 The mass change due to FeCO3 precipitation/

dissolution is also included as a black line for ease of
illustration. According to Gao, the measurement started in a
FeCO3 saturated solution with 1 wt % NaCl, and the author
adjusted the solution pH to push the saturation of FeCO3 to

reach equilibrium (SFeCO3
= 1). Additional NaCl was

introduced into the solution in a stepwise manner (vertical
dashed lines in Figure 6) to change the ionic strength of the
solution. The mass change curve in the Figure 6 shows that the
system always reached equilibrium (no significant mass change
was observed over time) before further NaCl was added, so the
SFeCO3

at these points should be close to 1. The predicted

SFeCO3
based on the modified Kca and Ksp,FeCO3

coincide well, as
expected, with all the data points (red diamonds), staying close
to the line of SFeCO3

= 1. The predicted SFeCO3
(navy blue dots)

calculated from Oddo−Tomson’s Kca
7 and S&N model’s

Ksp,FeCO3
,21 however, largely underestimated the saturation

levels of the solution, especially when the solution contained
high NaCl concentration. On the basis of these values, FeCO3

should have continued dissolving, since the predicted SFeCO3

values are well below 1. This is contrary to what was observed
experimentally, since the system always reached equilibrium
shortly after the injection of NaCl, showing no mass change
(i.e., the FeCO3 precipitation and dissolution rates were
equal).

■ INVESTIGATION OF PRECIPITATION KINETICS OF
FECO3 BY EQCM

As discussed, the model proposed by Ma et al.24 was calibrated
using the experimental data obtained in a 1 wt % NaCl
electrolyte. The effect of solution salinity on FeCO3
precipitation kinetics remains unclear and is explored here in
solutions containing different dissolved NaCl concentrations. A
series of experiments are conducted using an EQCM to
accurately measure the rate of FeCO3 precipitation on an iron
substrate. In addition, the modified Kca and Ksp,FeCO3

expressions together with the reduction of Fe2+ due to the
formation of FeCl+ complex are considered in this work to
characterize the electrolyte speciation and SFeCO3

.
Experimental Procedure. All the precipitation experi-

ments were conducted using a 2 L, three-electrode glass cell as
shown in Figure 7. A Stanford Research System manufactured
EQCM device, QCM200, and a 5 MHz At-cut Fe-coated
quartz crystal with a 1.37 cm2 effective area were used in this
study. The aqueous solution with a controlled NaCl

Figure 5. Fitting line for f(log Ksp,FeCO3
)TK

vs I0.5 obtained at 80 °C.12

Figure 6. Mass change (black curve) of FeCO3 precipitation and the
corresponding SFeCO3

calcualted based on Oddo−Tomson’s Kca
7 and

S&N model’s Ksp,FeCO3

21 (navy blue dots) and that calculated based

on modified Kca and Ksp,FeCO3
(red diamonds). Experimental values are

taken from Gao’s work at 80 °C, NaCl concentration 1−25 wt %.12
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concentration was deaerated by sparging with CO2 gas for at
least 2 h before starting the experiment, and the CO2 sparging
was maintained thorough the entire experiment to saturate the
solution. The temperature of the solution was set to the
desired value, and the solution pH was adjusted to 6.60 with
deoxygenated NaHCO3 solutions. The quartz crystal was
installed into the EQCM holder and served as the working
electrode. A platinum wire mesh was used as the reference
electrode. A saturated silver−silver chloride (Ag/AgCl)
electrode was used as the counter electrode. A potentiostat
(Gamry Reference 600) was used to apply a specific potential
as needed. A controlled volume of deaerated ferrous chloride
(FeCl2·4H2O) solution was added to provide additional Fe2+

and adjust the level of FeCO3 saturation. During the
measurement, bulk pH of the solution was recorded and cFe2+
was measured by Genesys 10S Vis Spectrophotometer
periodically. SFeCO3

of the solution was calculated based on

known solution pH, temperature, the pressure of CO2, and
cFefree2+ according to eq 19. The methodology of measuring

FeCO3 precipitation rate using EQCM was explained in full
detail by Ma et al.,24 and the exact same approach was followed
in this work. It is understood that FeCO3 precipitation includes
both the nucleation period and crystal growth period. The
current work focuses on the growth period only. A summary of
the experiment conditions is shown in Table 2.
Experimental Results and Discussion. Ma et al.24

developed their latest model based on the measurement
results obtained following the exact same experimental
methodology; however, the work was done only at 1 wt %
NaCl solutions.24 It is consequently worth assessing whether
the model (eq 18 with kr,FeCO3

(3.32 × 107 m4·mol−1·s−1) and

Δ*GFeCO3
(73 739 J·mol−1)) can accurately predict the

precipitation rate of FeCO3 in more concentrated NaCl
solutions.

Figure 8 shows the measured PRFeCO3
in aqueous solutions

with progressively higher NaCl concentration and the
comparison with model predictions (shown as lines in the
figure) using Δ*GFeCO3

= 73 739 J·mol−1 and kr,FeCO3
= 3.32 ×

Figure 7. Experimental setup with EQCM (image printed with permission of Cody Shafer, ICMT).

Table 2. Experimental Matrix of FeCO3 Precipitation in
Solutions with Varied NaCl Concentrations

description parameters

solution 3, 5, and 9 wt % NaCl
total pressure/bar 1
sparge gas CO2

initial solution pH 6.60 ± 0.05
stir bar speed/rpm 50
materials polished Fe-coated quartz crystal
polarization −0.05 to −0.1 V vs OCP
temperature/°C 60, 70, 80
initial [Fe2+]/ ppm (wt) ∼125

Figure 8. Comparison between model predictions and measured
results in solutions with different NaCl concentrations at 80 °C, initial
pH 6.60, and 0.53 bar CO2.
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107 m4·mol−1·s−1. The measured results in 1 wt % NaCl
solution was obtained from Ma et al.,24 and the SFeCO3

was

recalculated considering all the updates regarding Kca, Ksp,FeCO3
,

and the reduction of cFe2+ (i.e., cFefree2+ was used) as discussed in

the previous section. It is clear that by using values for kr,FeCO3

and Δ*GFeCO3
extracted in 1 wt % NaCl solution the PRFeCO3

predicted from eq 18 agreed well with the EQCM measure-
ments in 1 wt % NaCl solutions. However, the model does not
provide accurate predictions when compared with measured
results in more concentrated solutions: The predicted PRFeCO3

increases with the increase of NaCl concentration, while the
measured values are closer together. No clear trend of PRFeCO3

can be extracted with respect to NaCl. This suggests that the
values of these two kinetic related parameters need to be re-
evaluated considering different solution ionic strengths to
extend the validity of use. In addition, an approximately linear
relationship between precipitation rate and SFeCO3

still applies
in NaCl concentrated solutions.
The PRFeCO3

values in NaCl concentrated solutions were
also measured at 60 and 70 °C. Similar to what is shown in
Figure 8, the predicted PRFeCO3

show a clear dependency on
NaCl concentrations such that adding NaCl in solutions makes
the precipitation of FeCO3 faster, yet the measured PRFeCO3

values exhibit no clear correlation with NaCl concentration. A
deviation between the predicted values and measured values
exists, and this becomes more obvious in solutions with higher
NaCl content. This is not surprising given that the kr,FeCO3

and

Δ*GFeCO3
used here were taken from a solution with a

relatively low NaCl concentration.
Updates in Activation Energy and Kinetic Constant in

the FeCO3 Precipitation Rate Equation. The previous
section has shown that the model proposed by Ma et al.24 fails
in NaCl concentrated conditions due to the inaccurate
activation energy and kinetic constant values. Updated values
for the Δ*GFeCO3

and kr,FeCO3
are extracted based on

experimental results. All the measured data are taken from
previously presented FeCO3 precipitation experimental results.
By taking a natural logarithm of both sides of the

precipitation rate equation (eq 18), eq 38 can be obtained:

K S

G

RT
kln

PR

( 1)
ln

FeCO

sp,FeCO FeCO

FeCO
r,FeCO

3

3 3

3

3−
= −

Δ*

(38)

Therefore, if ln
PR

K ( 1)
FeCO3

sp,FeCO3 FeCO3 − vs ( )RT
1− is plotted, then a

straight line should theoretically be obtained with the slope
being equal to the activation energy Δ*GFeCO3

and the y
intercept being the ln kr as shown in Figure 9, by taking 1 wt %
experimental data as an example. The best fit line yielded
Δ*GFeCO3

= 74 398 J·mol−1 and kr = 4.99 × 107 m4·mol−1·s−1

by using the average experimental value at each temperature.
The exact same methodology was followed to extract the

two kinetics parameters in each different NaCl concentrated
solutions. The corresponding values of these two parameters
derived from all four measured conditions are summarized in
Table 3. Notice that the NaCl concentration affected Δ*GFeCO3

and kr,FeCO3
in different ways. For Δ*GFeCO3

, the changes of
adding NaCl were minor enough that the deviation of

Δ*GFeCO3
was within 6%, whereas kr,FeCO3

changed by about
10-fold when the NaCl concentration increased from 1 to 9 wt
%. This leads to the development of a new precipitation rate
equation for FeCO3. It follows the same format as eq 18, yet
the effect of NaCl concentration on both Δ*GFeCO3

and kr,FeCO3

are now considered:

PR
RT
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S

(8 10 e ) exp
73800
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jjj
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{
zzz= × −

−
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(39)

in which Δ*GFeCO3
= 73 800 J·mol−1 is the averaged value of

Δ*GFeCO3
as listed in Table 3 and kr,FeCO3

= 8 × 107 e−1.7I m4·
mol−1·s−1 with ionic strength, I, included in the exponent term
(highlighted in red) was determined via the best fit line as
illustrated in Figure 10.
The parity plots that compare the experimental and

calculated FeCO3 precipitation rates are shown in Figure 11.
The graph on the left shows the predicted precipitation rate

Figure 9. Best fit line for activation energy and kinetic constant in the
FeCO3 precipitation rate equation.

Table 3. Extracted ΔGFeCO3
and kr,FeCO3

in Nonideal
Solutions

wt %
NaCl

ionic strength
(mol·L−1)

Δ*GFeCO3

(kJ·mol−1)
kr,FeCO3

(m4·mol−1·s−1)

1 0.17 74.4 4.99 × 107

3 0.52 75.9 5.79 × 107

5 0.86 73.0 1.26 × 107

9 1.67 71.9 5.16 × 106

Figure 10. Extracted kinetic constant vs ionic strength on a semi-
logarithmic scale.
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using the equation proposed by Ma et al.24 where Δ*GFeCO3

and kr,FeCO3
are constants and based on 1 wt % NaCl solution.

The graph on the right shows the predictions of the current
model with the new correlations, which included all the
improvements discussed in this paper. Most of the points on
the left are above the diagonal line, meaning that the
predictions are higher than the measurements, as illustrated
in Figure 8, whereas the points on the right side of the plot are
distributed closer together and much more evenly around the
diagonal line, suggesting a significant improvement of fit. Most
of the predicted precipitation rates with the new constants
agree with the experimental values within a 50% difference.

■ CONCLUSIONS

Several modeling improvements impacting the accuracy of
FeCO3 precipitation kinetic calculations have been described:
(i) The formation of FeCl+ in the presence of NaCl
significantly affects the actual free Fe2+ concentration and
SFeCO3

value. An ionic-strength-based equilibrium constant, K2,
has been derived to estimate the dissociation degree of FeCl+.
(ii) The dependency of Kca on ionic strength has been re-
examined. Rather than the quadratic correlation with I0.5, as
suggested by literature,7,12 log Kca changes linearly with I0.5.
(iii) The expression of Ksp,FeCO3

has been modified to include
the effect of FeCl+ complex formation and the updated Kca
expression. Using newly obtained experimental measurements,
its dependency on ionic strength was also re-evaluated as the
previously derived expression21 was found to considerably
underestimate the actual SFeCO3

value.
In addition, the precipitation rate of FeCO3 was measured in

solutions with varied concentration of NaCl within the
temperature range 60−80 °C: (i) By using the values of
kr,FeCO3

and Δ*GFeCO3
calibrated from 1 wt % NaCl solution,

the predicted value of PRFeCO3
using the Ma et al.24 model

agreed well with the EQCM measurements in 1 wt % NaCl
solutions. However, this model tends to overestimate the
FeCO3 precipitation rate in NaCl concentrated solutions. (ii)
Experimental PRFeCO3

measured via EQCM suggested that
increasing NaCl from 1 to 9 wt % did not significantly change
PRFeCO3

. (iii) A kinetic model of FeCO3 precipitation

considering the effect of nonideality was proposed. A
significant improvement in PRFeCO3

prediction was obtained
when comparing with the Ma et al.’s model.24

It should be mentioned that all of the expressions derived in
the current work are for use with NaCl. Caution should be
used if different salts are present, especially for salts with
divalent ions, as the ionic strength approach is an “engineering”
approach that aims to express nonideality in a simplified way.
For more robust predictions, an approach based solely on
species activities, as introduced in eqs 21 and 24, should be
followed.
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