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Abstract—The kinetics and mechanism of calcite dissolution at various pH are investigated. A scheme of the
ion distribution in various states of the medium is presented. The kinetic curves of dissolution are modeled, tak-
ing into account the structure of the electrical double layer and the acid—base characteristics of calcite.

The gas piped through gas pipelines always contains
carbon dioxide, which causes corrosion of carbon steel.
The steel corrosion rate is determined by the dissolu-
tion kinetics of calcium and iron carbonates, whose
deposition stimulates carbonate corrosion in oil and gas
pipelines [1, 2]. The calcite dissolution kinetics under
various conditions (pH, CO, partial pressure, tempera-
ture, disc rotation frequency, etc.) was investigated pre-
viously [3-22].

The purpose of this work is to investigate the kinetic
curves of calcite dissolution at various pH.

EXPERIMENTAL

Electrodes 5.3 cm in diameter were used, which
were identified by IR spectroscopy. The calcite spec-
trum has a number of characteristic frequencies in the
IR region at wave numbers of ¢ = 600, 713, 876, 1435,
and 1795 m™!. The wave numbers of characteristic fre-
quencies in Raman spectroscopy are ¢ = 92, 105, 112,
154,281,712, and 1086 m™'.

The dissolution kinetics was studied using a calcite
disc electrode immersed in an electrolyte solution at
various pH and rotation speed. The experiment was car-
ried out at 21 * 2°C. Samples were taken in the pH
range of 2—14 every 10-30 min. The total specific dis-
solution rates W under various conditions were calcu-
lated by the chain-mechanism equation [23]

o = 1-exp[-Asinh(W1)]. (D)

The concentration of calcium ions in the solution
was determined by potentiometric titration with a 0.1 N
solution of EDTA disodium salt according to a pub-
lished procedure [24].

The dependence of the calcite dissolution rate on the
rotation speed of the disc electrode is illustrated in
Fig. 1a. To calculate the dissolution rate constants and

determine the kinetic contributions W, and diffusion
contributions W, from the experimental data presented
in Fig. 1b, we used the equation [6]

1

l—i+i— ! + L61V' —a+bl(2)
w W, W, <zFkc FeDp™Jo Jo

where 7 is the ion charge.

RESULTS AND DISCUSSION

Figure 2 shows the experimental results and litera-
ture data on the effect of pH. The kinetic curves demon-
strate that, with an increase in pH, the rate decreases
abruptly in the pH range of 2-5, is almost constant and
is independent of the concentration of H* ions in the pH
range of 5-10, and further decreases at pH above 10.
In this context, it is necessary to theoretically describe
the observed behavior.

Modeling of the Calcite Dissolution Kinetics
according to the Classical Scheme

To model the effect of pH on the calcite dissolution
kinetics, we chose the Hougen—Watson method, which
is used to describe the dissolution specific rate as a
function of various parameters and takes into account
the concentrations of surface-active sites and interme-
diate particles that transfer into the solution [25]:

W = kI',T,. (3)
To determine the dissolution rate, it is necessary to
calculate the concentration of surface ions.

Figure 3 shows the distribution of surface-active
ions, which affect the calcite dissolution rate at various
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Fig. 1. Dependence of the rates of the (a) forward and (b) reverse reactions of calcite dissolution on the rotation speed of the disc
electrode in a 0.7 M KCl solution (pH 8.4, T = 298 K), where point / represents the experimental data.

pH. The following particles can limit the dissolution
rate:

H', HCO;, CO, CaHCOZ3,
CaCOj, CaOHCO:;.

To determine which of these particles on the calcite
surface determines the rate, we modeled the pH depen-
dence of the dissolution rate.

According to existing concepts, the concentration

[T(CaHCO3 )] of surface-active particles is expressed

through the bulk concentration using the Langmuir
equation [25]:

[CaHCO?]

(CaHCO}) = I—————
[CaHCO:] + K

“)

In this case, the dependence of the dissolution rate

on the CaHCO)j concentration (if this rate is deter-
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mined by the transfer of CaHCOj ions to the solution)
can be expressed as

[CaHCO;]

W = kTl
[CaHCO:] + K

&)

To model the dissolution rate, we calculated the bulk
concentrations of various particles as functions of pH.

For this purpose, it is necessary to solve the follow-
ing equations:

(i) the mass balance equations:
for Ca* ions,

C(Ca™*) = [Ca’"]+ [CaHCO3] + [CaCOY]
+[CaOHCO;] + [Ca(OH)3] + [Ca(OH);]
for carbonate ions,
C(COY) = [CO,] +[CO> ]+ [HCO;] + [H,COY]
+[CaHCO]] + [CaOHCO;] + [Ca(OH),CO; ]

(ii) the equations of the equilibrium constants;
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Fig. 2. pH dependence of the calcite dissolution rate:
(1) experimental results and (2) published data [6, 8, 9, 12,
13, 21].

(iii) the equations of proton equilibrium and electro-
neutrality.

The results of simultaneously solving the equations
for the particles considered are shown in Fig. 4. It fol-
lows from the particle distribution that all these parti-
cles can participate in dissolution. To select the rate-
determining particles, let us use the equation of the dis-
solution rate for all the above particles:

[CaH,OH,,(CO3),]

W = kT.. - ,
[CaH,OH,,(CO)] + K

(6)

where n, m, and p are the stoichiometric coefficients.

The modeling was performed using the standard
program Mathcad 11.

Figure 4 shows that the surface-active particles at
pH below 5 are H* and CaHCO)j ions; in the pH range
of 5-10, CaOHCOj; ions; and at pH above 10, Ca(OH),
particles.

Thus, the total specific dissolution rate W is the sum
of the rates:

W = W(H") + W(HCO3) o
+ W(Ca(OH)3) + W(CaOHCO3),
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Fig. 3. pH dependence of the distribution of the relative
fractions of various particles in calcite dissolution: (/)

log[Ca”"], (2) log[CaHCOZ], (3) log[CaCOY], (4)
log[CaOHCO;] , (5) log[H,CO,41, (6) log[HCO3], (7)
10g[CO3 1, (8) log[CaOH'], (9) log[Ca(OH),], (10)
log[Ca(OH)31, and (11) log[Ca(OH); 1.

where W(H*), W(HCO3), and W(Ca(OH)j) are the
rates determined by the adsorption of hydrogen ions
(pH below 5), hydrocarbonate ions (pH 5-8), and
Ca(OH)g particles, respectively, on the calcite surface.

The results of modeling the pH dependence of the cal-
cite dissolution rate are also shown in Fig. 4.

The calculations showed that the pH dependence of
the dissolution rate cannot be described using only one
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sort of particles. At different pH, different sorts of
adsorption particles determine the dissolution rate.

The modeling performed allows us to propose a
scheme of calcite dissolution at various pH:

at pH 2-5,
CaCO; + H* < [CaHCO; |

— dissolution products,
at pH 5-8,

CaCO; + HCO; « Ca(HCO;))

— dissolution products,
at pH > 10,

CaCO; + OH™ & CaOHCO; — dissolution products.

Modeling of the Calcite Dissolution Kinetics
and the Structure of the Electrical Double Layer
at the CaCOj;—Electrolyte Interface Using
a Three-Layer Model

To describe the pH dependence of the calcite disso-
lution rate, we proposed an acid—base model (a three-
layer model). This model takes into account the struc-
ture of the electrical double layer that emerges at the
calcite—solution interface because of the adsorption and
desorption of hydrogen ions [26-34].

The three-layer model is based on the Gram—Par-
sons theory and can be used to describe the CaCO5—
electrolyte interface.

The salt surface in the electrolyte solution is in
dynamic equilibrium with various particles at the salt—
electrolyte interface. In any salt—electrolyte systems,
the solid surface acquires a charge g. The surface is
charged both because of the selective adsorption of
hydrogen ions H* or hydroxyl groups OH™ and because
of the dissociation of surface groups. The ion adsorp-
tion on the salt surface is largely determined by the
electrostatic interaction of ions.

In a symmetric electrolyte, e.g., KCI, at the calcite—
electrolyte interface, the following equilibria can be
established with ions H*, K*, OH~, and CI" in the sur-
face layer S [20]:

[S—CaCO,H"] £1s [S—CaCO}] + [H'],  (8)
[S— CaCO}] + [OH'] X2» [S - CaOHCO;],  (9)

[S—CaCO; 0o H"--CI]

(10)
K [§-CaCO3] +[CI'] + [H'],
[S— CaCO3] + [OH | + [K"] an

K4, [§-CaCOj o K"-OH].
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Fig. 4. pH dependence of the calcite dissolution rate accord-
ing to the classical model where the rate is determined by

the adsorption of (1) H* ions, (2) HCO; ions, (3) Ca(OH)(Z)

particles, and (4) CaOHCO; ions on the calcite surface.

Curve 5 is the total specific dissolution rate (the result of
modeling), and point a represents the experimental data.

To calculate the equilibrium constants, it is neces-
sary to know the electrostatic potential ¢, and the
charge ¢, which can be calculated using the three-layer
model of the structure of the electrical double layer
[34-36].

This model is based on a modern theory of the elec-
trical double layer that was proposed by Gram and Par-
sons [20]. Let us consider its main provisions for the
carbonate—electrolyte system. After immersion of cal-
cite in an electrolyte, potential-determining ions H" and
OH~ are adsorbed on the salt surface and impart a
charge ¢ to the salt surface. The potential jump @ in the
ion electrical double layer is counted from the potential
of zero charge (i.e., @ is taken to be zero at pH,).

The model of the electrical double layer can be rep-
resented as follows.

(i) Between the carbonate surface and the plane
passing through the centers of dehydrated ions (the
inner Helmholtz plane), there is a potential jump, @, —
@, and the total charge in this plane is g;.

No. 6 2005



618

(i1)) Between the inner and the outer Helmholtz
planes, there is also a potential jump, W, —,. The outer
Helmbholtz plane is determined by the minimal distance
of the electrical centers of hydrated ions to the salt sur-
face (its average potential , is counted from the bulk
of the solution).

(ii1) The potential jump between the outer plane and
the bulk of the solution is .

The charge g is balanced by the charge ¢, of
counterions on the inner Helmholtz plane and by the
total charge g, of the diffusion layer. Thus,

Qp = (Qo—V )+ (Y, —,) +V,. (12)

For the average electrostatic potential on the inner
Helmholtz plane, we obtain

-0 4
Vi = @ Ko (13)
or
Go—V, = q/Ky, (14)

where Ky, = g/(¢, — V,) is the integral capacitance of
the capacitor formed by the salt surface and the inner
Helmholtz plane.

The average potential of the outer Helmholtz plane
with allowance for the fact that g, = —(q + ¢q,) is

q>

Vo = Wit o (15)

or

V-V, = —q,/Ky, = (q+41)/ K, (16)
where K, is the integral capacitance of the capacitor
formed by the inner and the outer Helmholtz planes.
Using Egs. (12)—(14), we find the potential jump
between the salt surface and the outer Helmholtz plane:

Qo—VY, = (17)

Where 1/K02 = 1/K01 + 1/K12.

Using the concepts of the electrical double layer and
the acid—base properties of calcite, we can describe the
dissolution rate by the equations related to two adsorp-
tion isotherms for hydrogen ions.

DOLGALEVA et al.

The concentration of adsorption particles at any dis-
tance from the salt surface depends on the potential
at this point and is determined by the Boltzmann equa-
tion

LH?J = LH?JCXP(—ZFWI/RT)-

Thus, to describe the ion part of the electrical double
layer and to calculate the surface concentrations of var-
ious particles at the calcite—electrolyte interface, the
following parameters should be known: pK|, pK,, pK;,
pK,4, Ny, Ky, and Ky, which were determined from the
pH dependence of the electrokinetic potential { [37, 38].

(18)

The calculation of equilibrium constants (8)—(11)
consisted in the determination of the charge ¢, in the
outer Helmholtz region using the equation [20]

4> = —24,,/Cysinh({F/2RT), (19)

where A = 5.85 x 107% C/cm?.

The determination of pH, consisted in finding the
pHatg,=0.

The charges ¢ and ¢, at the calcite—electrolyte inter-
face on the inner Helmholtz plane were calculated by
the equation

q =—(q:+q)
. gF [H']o (20)
—{ZAICelslnh (KOIRT) +1In [H+] i| + q2}7

where A, =39.2 x 10°% C/cm?.

The potential jump @, at the calcite—electrolyte
interface was calculated by the equation

0, = %{ln [H+] + arcsinh(Azqz)}, (21)
[H ]o
where A, = 10® C/cm?.

Using the found parameters g and @, we can calcu-
late the constants pK, — pK, by the equation [35, 36]

K
P21 ¢ sinh[(9y— ,)F/RT] + sinh(@,F/RT)

K
_NgF—L3

pK,
rK;

The values of these parameters are the following:
pK, =52 N,=6x10"

pK2 = 91 KO] = 100

THEORETICAL FOUNDATIONS OF CHEMICAL ENGINEERING  Vol. 39

—C,cosh[(@y— W, )F/RT] + cosh(@,F/RT) + p—Kl
2[

(22)

H']p

pK4 = 6.9.

The results of calculating the calcite surface charge
as a function of pH are shown in Fig. 5, which suggests
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Fig. 5. Charge of the calcite surface at the solid—solution
interface versus the pH of a 0.015 M KCl solution. The line
represents the results of calculation by Eq. (22), and point a,
the experimental calcite charge value determined from the
dependence of the electrokinetic potential on the pH of the
solution.

that the calcite dissolution rate is determined by the cal-
cite surface charge.

Using the found charge distribution, it is possible to
describe the pH dependence of the dissolution rate. The
pH dependence of the calcite dissolution rate according
to the acid-base model is illustrated in Fig. 6. In the
acidic region, this dependence is described by the equa-

tion
]
[H ] + Kal

where W, = 1057 and K, = 1073 is the experimental
value of adsorption of H* ions.

W, = (23)

The equilibrium constant K., was determined from
the formula K., = pH,, — pK.

In the basic region, the dependence of the dissolu-
tion rate on the hydrogen ion concentration is described
by the equation

[H']

1
—_— | =Wy, ——, (4
[H+]+Kaj OZ[K,ﬁ[OH]} o

W, = Woz[

where Wy, = 1087 and K, = 107'"% and K; = 10?°
are the experimental values of the ion adsorption. The
equilibrium constant was found from the formula
Keq = pHO _pKZ'

Note that the forms of Egs. (23) and (24), which

describe the adsorption of H* and OH™ ions, are identi-
cal. The approach proposed allowed us to explain the
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Fig. 6. pH dependence of the calcite dissolution rate as cal-
culated according to the acid—base model from (/) Eq. (23)
and (2) Eq. (24); point a represents the experimental data.

effect of pH on the dissolution rate from the standpoint
of the structure of the electrical double layer.

The results obtained suggest that the calcite dissolu-
tion kinetics is determined by the rate of formation of
acidic surface compounds, e.g., (CaHCOs;)*, and basic
intermediate compounds, e.g., (CaOHCO;)™.

The acid-base mechanism of CaCO; dissolution
enabled us to propose the following scheme:

in the acidic region (2 < pH < 4.7),
CaCO, + H' & CaHCO} — Ca’" + HCOy;
in the basic region (6.7 < pH < 13),
CaCO, + OH™ & (CaOH*-CO3> )

— dissolution products.

The proposed approach is consistent with the classi-
cal models described above.

NOTATION
A—quantity proportional to the number of active
centers;
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A, A, A,—constants of various models of the elec-
trical double layer;

a, b, d—empirical constants;
C.—electrolyte concentration, mol/l;
D—diffusivity, cm?/s;

F =96 485 C/mol—Faraday number;

[H*], [OH ]—bulk concentrations of hydrogen ions
and hydroxyl groups, respectively, mol/l;

K, K|, K,, K;, K,—constants of adsorption equi-
libria;

Ky, Ky, Kjy—integral capacitances of the condenser
formed by the inner and outer planes, WF/cm?;

k—constant of kinetic processes;

N,—total concentration of all particles adsorbed on
the salt surface, mol/l;

Py, —carbon dioxide partial pressure, Pa;

pK,, pK,, pK;, pK,—constants of acid-base equi-
libria;

g, 9, g—charges of the planes passing through the

salt surface and the inner and outer Helmholtz planes,
C/cm?;

S—total surface area, cm?;

[S—CaCO;H*], [S— CaCO% 1, [S—CaCO, o H*Cl]—

concentrations of various particles adsorbed on the sur-
face;

t—time, s;

V—solution volume, 1;

W—total specific dissolution rate, mmol/(s cm?);
Wo,, Wo,—specific dissolution rates, mmol/(s cm?);
W —rate of the diffusion process, mmol/(s cm?);

W,—rate of the kinetic process, mmol/(s cm?);

W(H"), W(HCO3 ), W(Ca(OH)), W(CaOHCO; )—
partial dissolution rates for various particles,
mmol/(s cm?);

z—ion charge;

o—fraction of the dissolved substance;
I'—surface concentration of particles, mol/cm?;
d—thickness of the diffusion layer, cm;
{—electrokinetic potential, V;

v—Xkinematic viscosity of the solution, m?%/s;
o0—wave number, m™;

@,—potential jump with respect to the bulk of the
solution, V;

V, W,—potentials on the inner and outer Helmholtz
planes, V;

w—rotation speed of the disc electrode, min~!.
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SUBSCRIPTS AND SUPERSCRIPTS

a—active centers;
i—surface ions;
co—Ilimiting concentration.
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