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Mathematical Modeling of the Formation of Calcareous

Deposits on Cathodically Protected Steel in Seawater

J.-F. Yan,*' T. V. Nguyen,**? and R. E. White**
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208

R. B. Griffin
Department of Mechanical Engineering, Texas A&M University, College Station, Texas 77843-1292

ABSTRACT

A first principle mathematical model of the formation of calcareous deposits on a cathodically protected steel rotating
disk electrode in seawater is presented. The model includes equations which transport phenornena, electrochemical reac-
tions, precipitation reactions, and a homogeneous reaction involved in the formation of calcareous deposits on an electrode
surface. Predicted concentration profiles show that a high concentration of OH™ ions on the electrode surface leads to the
formation of calcareous deposits. The calcareous deposits contain mostly CaCO;, but the initial deposits are predicted to
contain more Mg(OH), than CaCO,. The predicted calcareous deposits on the electrode surface reduce the active surface
area available for the electrochemical reactions, which results in a decrease in the cathodic current density. The predicted
current density as a function of time during the formation of deposits agrees qualitatively with experimental data.

The main electrochemical reactions that occur during the
corrosion of steel structures in seawater are the oxidation
of iron

Fe — Fe? + 2e” [1]

the reduction of oxygen
0, + 2H,0 + 4e” >4 OH~- [2]

and hydrogen evolution
2H,0 +2e” —» H, + 2 OH™ [31

Cathodic protection (CP) has been recognized as an ef-
fective method for preventing immersed offshore struc-
tures from corroding. Under cathodic protection, the oxi-
dation of iron is prohibited by supplying electrons to the
metal structure to be protected by means of sacrificial an-
odes or impressed current.’ One feature associated with
marine cathodic protection is the formation of calcareous
deposits on metal surfaces.™*

There has been considerable effort devoted to studying
the influence of physics and chemistry of seawater, ca-
thodic protection, and surface preparation on the forma-
tion of calcareous deposits through electrochemical exper-
iments in natural seawater®? and in artificial seawater.’>**
However, there are very few papers regarding mathemati-
cal modeling of this phenomenon.

The only mathematical model available in the literature
on the formation of calcareous deposits on cathodically
protected steel in seawater was given by Sadasivan in his
master’s thesis.”” His one-dimensional model considered
diffusion to be the only mass-transport mechanism for the
components in seawater. Only OH™, Mg, Ca*, HCOj3, and
CO?™ ions were considered, which are too few to describe
correctly seawater chemistry.® Furthermore, his equations
for current density were based on the Tafel equation for
hydrogen evolution and the limiting current density for
oxygen reduction. Both equations do not account for the
effects of changes of concentration and solution potential
inside the diffusion layer.

Dexter'” developed a steady-state model to calculate the
pH at a cathodically polarized metal surface in quiescent
saline waters in the presence of both calcareous deposits
and biofilms. His model considered the oxygen reduction as
the major cathodic reaction and diffusion as the only
method for oxygen transport. However, the model ignored

*Electrochemical Society Student Member.
**Electrochemical Society Active Member.
! Present address: Department of Chemical Engineering, Texas
A&M University, College Station, Texas 77843.
*Present address: AT&T Bell Laboratories, Mesquite, Texas
75149.

the formation of calcareous deposits and biofilms with
time.

The main objective of this study was to develop a mathe-
matical model of the formation of calcareous deposits on
cathodically protected steel structures in seawater from
first principles. This model will be helpful in understanding
the mechanism of the formation of calcareous deposits on
cathodically protected steel surfaces and their effects on
marine cathodic protection systems. The model will be ca-
pable of predicting the changes in current density and com-
position of the deposits with time. The final model will be
used to help predict the conditions necessary for the forma-
tion and the maintenance of calcareous films on structural
steels in deep ocean water. Meanwhile, the rotating disk
technique was used to grow the calcareous deposits
on the cathodically protected steel in ASTM substitute
ocean water.

Experiments

The electrochemical cell used in this work was cylindri-
cal in shape (diameter = 12 cm) with a volume of about
900 em® in capacity and consisted of a working electrode
made of the low carbon steel specimen, a platinum coun-
terelectrode, and a saturated calomel electrode (SCE). The
experiments were done potentiostatically and the rotation
speed of the disk was controlled at 50 rpm. In addition, a
gas distributor was used to bubble the purified air into the
solution to keep dissolved oxygen and carbon dioxide satu-
rated during the experiment. The gas distributor was
placed away from the working electrode in the electro-
chemical cell and the air flow rate was controlled to be very
small such that the hydrodynamics around the electrode
surface was not distrubed during the experiment. The ar-
rangement of the electrochemical cell is shown in Fig. 1.

The low carbon steel was machined into a rotating disk
electrode (RDE) of 0.32 cm?® in area. The electrode was
ground with SiC abrasive paper from 240 through 600 grit,
and polished by 5, 0.3, and 0.03 pm ALO; powder in deion-
ized water. Then, it was cleaned with an ultrasonic cleaner
in a bath of dilute acetone solution and rinsed with deion-
ized water. The electrode was placed in an electrochemical
cell containing substitute ocean water, which was prepared
according to the composition given in ASTM-D1141-90."
The purified air was bubbled through the solution for at
least 2 h before and during the entire experiment.

At the end of the experiment, the specimen was removed
immediately from the solution, rinsed with deionized wa-
ter, and placed in a desiccator for further surface analyses.
The scanning electron microscope (SEM) was used for mor-
phological examination (JEOL, JSM-6400 Scanning Mi-
croscope) and elemental spectra analysis (Tracor Northern
Serious II) of the calcareous deposits.
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Fig. 1. Schematic of rotating disk electrode experimental cell.

Figures 2 and 3 show the calcareous deposits grown at
—0.9 V (SCE) and 50 rpm after 40 and 87 h exposure, re-
spectively. The cauliflower-like ¢rystals, growing on the
metal base, are calcareous deposits. The elemental spectra
analysis from SEM-EDAX for the calcareous deposits in
Fig: 3 indicates that the main constituents in the calcareous
deposits are Ca, C, and O as shown in Fig. 4. Also, Mg, Sr,
Na, Cl, S, and Fe are the trace elements found in the cal-
careous deposits. Detection of Fe might be due to the pene-
tration of the electron beam to the underlying steel sub-
strate. Figure 5 shows a side view of the calcareous deposit
in Fig. 3. The white layer is the metal substrate. The top
part shows the calcareous deposit with a thickness of about
10 pm.

Model Development

The experimental results indicate that the current den-
sity for CP decreases with time due to the formation of
calcareous deposits, which is discussed further below, and
our SEM pictures (see Fig. 2 and 3) show that the main
change on the electrode surface is the increasing surface
area covered by the calecareous deposits with no increasing
thickness of the porous deposits. Therefore, the model pre-
sented in the following section is based on the fact that
calcareous deposits block the active surface area available

Fig. 2. Scanning electron micrograph of the calcareous deposits
{top view) grown on low carbon steel rotating disk electrode in ASTM
substitue ocean water at 50 rpm, —0.9 V(SCE), after 40 h.

Fig. 3. Scanning electron micrograph of the calcareous deposits
(top view) grown on low carbon steel rotating disk electrode in ASTM
substitute ocean water at 50 rpm, —0.9 V(SCE), after 87 h.

for the electrochemical reactions and consequently reduce
the current density to the disk during CP.

The proposed mechanism for the formation of calcareous
deposits on cathodically protected steel in seawater is pre-
sented below. The calcareous deposits are assumed to be a
mixture of CaCO; and Mg(OH), in the model. A high con-
centration of OH" ions generated by the electrochemical
reactions on the electrode surface causes the precipitation
of Mg(OH),

Mg* + 2 OH™ — Mg(OH),! [4]

Also, the production of OH™ ions on the electrode surface
changes -the inorganic carbon equilibria in the adjacent
seawater and facilitates the following buffering reaction®

OH™ + HCO; 2 H,0 + CO%~ [51
As a result, CaCO; also precipitates
Ca® + CO¥ — CaCO,l [6]

Equations are presented below that are used to describe
transport phenomena, electrochemical reactions, precipi-
tation reactions, and the homogeneous reaction involved in
the formation of calcareous deposits on the electrode sur-
face. The modeled region, as shown in Fig. 6, is the diffusion
layer between y = 0 and y = ygz and two boundaries at y = 0
and y = ygg, Which represent the electrode surface and bulk
solution interfaces, respectively. It is worth noting that the
thickness of the deposits, about 10 pm as shown in Fig. 5, is
much less than that of the diffusion layer, 150 um; conse-
quently, the diffusion layer equations are used everywhere
exceptat y =0 and y = yzx
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Fig. 4. Scanning eleciron elemenial spectra of the calcareous de-

posits (top layer) grown on low carbon steel rotating disk electrode

in ASTM substitute ocean water at 50 rpm, —0.9 V{SCE), after 87 h.
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‘Fig. 5. Scanning electron micrograph of the calcareous deposits
{side view) grown on low carbon steel rotating disk electrode in
ASTM substitute ocean water at 50 rpm, —0.9 V(SCE), after 87 h.

Rotating Disk Electrode

o W)

Calcareous
deposits

y Diffusion Layer

Bulk Solution

Fig. 6. Schematic of the electrode surface and the diffusion layer on
a rotating disk electrode.

Before presenting the model equations, the following as-
sumptions are made.

1. The electrolyte is isothermal.

2. Dilute solution theory is applied.

3. Double-layer charging is neglected.

4. Electrochemical reactions occur only on the uncoated
surface (i.e., the uncovered surface and the clean surface on
the covered surface).

5. The reaction of iron, Eq. 1 can be neglected as long as
the steel is under cathodic protection.

6. The precipitation reactions occur only on the uncov-
ered surface.

7. The homogeneous reaction occurs in solution region.

8. Calcareous deposits are assumed to be a mixture of
CaCO; and Mg(OH),. Also, they are assumed to be porous
with constant porosity and thickness.

9. Deposits do not dissolve once they precipitate on the
metal surface.

10. The nucleation process is neglected.

Some parameters used in the model are defined as fol-
lows. Surface coverage 6 (see Fig. 7) is defined as the ratio
of total surface area covered by porous deposits (4,) to the
total electrode surface area (4,)

A

6=Ao

A’S
=4, [

L

1 A.Z

As= A1+ A2+ As

v
" /| Substrate ° Uncovered

1 Covered
surface

Fig. 7. Schematic definition of surface coverage.

where 4, is the surface area covered by calcareous deposits
at time interval i. Surface coverage, by definition, increases
with time, and equals 0.0 before the formation of the cal-
careous deposits and equals 1.0 when the surface is totally
covered by the calcareous deposits.

The deposit porosity is defined as the ratio of the total
open volume inside the deposits (V, — V) to the total vol-
ume of the porous deposits (V,)

Ve Ve

v [8]

€4

where V, is the volume occupied by the solid deposits. By
assuming that the deposit porosity and tortuosity of the
porous layer are constant, the deposit porosity also can be
expressed in terms of surface area

A—~A, A
€ = A dz_A_E [9]

where A, is the surface area occupied by solid deposits and
4, is the uncoated surface area inside the deposits. The
surface porosity is then defined as the ratio of total bare
surface area (4, — Ay) to the total electrode surface area
(4,)

[10]

It is worth noting that the difference between the deposit
porosity and the surface porosity is that the foriner is based
on the total surface area covered by porous deposits (A,)
and the latter is based on the total electrode surface area
(A,). The definitions of e; and ¢, are compared schematically
in Fig. 8. By making these definitions and assumptions, the
current density is expected to approach to a steady state
and nonzero value though the surface coverage is ap-
proaching 1.0.

Together with the surface coverage, 6, and the solution
potential, @, the concentrations of nine components in sea-
water will be accounted for in the model. The 11 unknowns
are numbered in the following way for notational conve-
nience: 1, O,; 2, Hy; 3, OH™; 4, Mg*; 5, Ca*; 6, CO3™; 7, HCO;;
8, Na*; 9, Cl7; 10, 6; and 11, &.
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Fig. 8. Schematic definitions of deposit porosity and surface
porosity.

Governing equations in the diffusion layer (0 < y <gg).—
The development of the model starts by considering the
material balance of species i in the diffusion layer®

T V-N+R [11]

In the solution region, the molar flux expression for species
i in y direction depends on migration, diffusion, and con-
vection®#

z,.DFe, od

M:*————Daci

e~ ; i=1— 12
3y + 0,0 i=1—9 [12]
The velocity in the solution is based on the hydrodynamics
of the rotating disk®*#*

b= a0 [Ty [13]

The only homogeneous reaction in solution is the rapid
equilibrium between OH™, HCO3, and CO%™ ® and itis gov-
erned by Eq. 14

Coni
K. = o 14
¢ con — Cucoy [14]
Equation 14 is the governing equation for HCO;.

From Eq. 5, it is found that Rco3- = — Rycos. Conse-
quently, combining Eq. 11 for i = 6 and 7, yields the govern-

ing equation for CO%~ *

aC;;)g— + an(tZOE = — (V . NCO%‘ +V. NHCO;I) [15]
Similarly, Roy- = = Rcos-, thus the governing equation for
OH™ can be written as

B_CEQE+M=— (V'NCO?,""V'NOH—) [16]

ot ot

Because there is no homogeneous reaction in the solution
for species i = 1, 2, 4, 5, 8, and 9, the governing equation
becomes

ac;

%o _v.N,

= $=1,2,4,5,8,9 [17]

Since the surface coverage is independent of position, its
derivative is set to zero everywhere in the solution
a0
a—z; =0 [18]
By assuming that the solution is electrically neutral, the
governing equation for the ® is

9
> ez=0 [19]
i=1

Equations 18 and 19 will be the governing equations for 6
and @ in the diffusion layer.

Boundary conditions on the electrode surface (y = 0).—
Instead of considering the actual geometric detail of porous
structures, two parameters, MacMullin number Ny p; for
porous layers and deposit porosity e,, are used to define the
average quantities for characterizing the transfer phenom-
ena in the porous layer.” The MacMullin number is defined
as

Nype =€1d [20]

where 7 represents the forfuosity of the porous layer and is
set to 1 automatically because the deposit thickness is ig-
nored in the modeled region. The surface porosity € is then
defined as the summation of the open space in the uncov-
ered surface and the open space inside the covered surface

€=(1—0)+¢eb [21]

In essence, Eq. 21 is identical to Eq. 10.

With the assumption that there is no convective flow on
the electrode surface and that the deposits are porous, the
molar flux for species i becomes

zD; Fe 99 a¢;

Ne=="Rr 3y Dy

i=1—-9 [22]
where D, is the effective diffusion coefficient in the porous
layer and is calculated by the following equation

D;
D;,=D(1-6)+ Nowrs il
On the electrode surface, the boundary condition for spe-
cies i is formulated based on the assumption that the molar
flux of species i is equal to the reaction rates of electro-
chemical and precipitation reactions occurring on the elec-
trode surface

i=1-9 [23]

N, =R/+R/ [24]
Thus, the boundary condition for OH" is
Noy- = R(;H‘ + R(;H‘ [25]
Since there is no precipitation reaction for O, and H,,
Eqg. 24 for i = 1 and 2 can be simplified to

N,=R, i=1,2 [26]

By assuming that there is no electrochemical reaction, the
boundary condition for Mg*, Ca%, and COZ% on the elec-
trode surface is

N =R  i=4-6 [27]

Because HCOj, Na*, and Cl™ are involved in neither any
electrochemical reactions nor any precipitation reactions
on the electrode surface, the molar flux of each of these
species is zero

N=0 i=7-9 [28]
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By assuming that the deposits are porous and their
porosity and thickness are constant, the change in surface
coverage with time can be represented by

il o 1 (Réa 2:MWeaco. N R_I;;IguM Whtgom,
at (1 —€)d

The calcareous deposits are assumed to be a mixture of
CaCO; and Mg(OH),. Equation 29 then will be the
boundary condition for 6. Also, the electroneutrality holds
on the electrode surface and Eq. 19 is the governing equa-
tion of ®.

The production rate of species i due to the electrochemi-
cal reactions® is given by Eq. 30

) 1291

Pcacos PMg(OH)s

QR o i=1-3 30
Ri‘_j_zln]-F L= [301

where the current density due to electrochemical reaction j
is corrected to account for the decrease in active surface
area by the following equation

i = ey [31]

The local current density j; generated by electrochemical
reaction j is assumed to be described by a Butler-Volmer
equation™®

. \ Cio P aa'F
i {T1 (322" o0 [

ci,ref
C;o \% —a,F 39
- I:[ exp RT le [ ]

ci.ref

where

: . Cire Y

Zoj,ref = H Zoj,data (Eﬁ) [33]

i i,data.
and
RT cl TE]
U = [U;’ “oF 2 s;In (—ﬁ)] — Upg [34]

The overpotential for electrochemical reaction j, m; in
Eq. 32, is given by

M= V- (Do - Uj,ref [35]

The reaction order constants p;; and g;, are related to s;; by

Ds = 8 g,=0 if 53> 0
[36]
Qi =~ Sy if

0;=0 8;<0

Also, vi; is assumed to be related to s;; in the following way

Oy Si5

Vi =Dy ‘;LJ;H (373
and
Vi =y + ey [38]
n,

Previous work* showed the CaCO; phase precipitating
from seawater is aragonite rather than calcite, whose nu-
cleation and growth are strongly retarded by the existence
of Mg* ions®®*" although its solubility is smaller than that
of aragonite. The kinetic expression for the growth of arag-
onite® is

TC§003 = kCaCOa (SCaC03 - 1)m
[39]
=0 if SCaC03 <1
where kc,co, 15 the rate constant, Sc.co, is the supersatura-

tion, and m is the reaction order. The supersaturation of
CaCQ, is defined as

Cca2¢Cco- {40]

S =
aC0s KSP.CaC03

where Kgpc,cos is the apparent solubility product constant
for CaCo,.

For the precipitation of Mg(OH),, the rate equation will
have the form!®

_ :
Tugoms = Kugoms (Cug2+Cor- — Kapugom,)

[41]
=0 i cueCne < Kopmeoms
where Kspygom, is the apparent solubility product constant
for Mg(OH),.
It is assumed that the precipitation reactions occur on the
uncovered surface only. The production rate of species i due
to the precipitation reaction® is given by Eq. 42

NP

Ri=(1-0)> xyn;

j=1

i=3—6 [42}

where x,; is the stoichiometric coefficient of species ¢ in the
precipitation reaction j. Thus, the precipitation rates of

Ca®* and CO;" can be calculated by

R("’Jaz* = (1 - e)rCaCO:; [4]

and

Rios- = Rige [44]

Similarly, the precipitation rates of Mg* and OH" can be
calculated by

Ryger = — (1 = 8)Taa0my [45]

and

Ron- = 2Rjg [46]

Boundary conditions at y = ygz.—The concentration for
each component at y = yz; where the reference electrode is
placed is equal to its bulk concentration

CiYre, 1) = Cipuic i=1-9 [47]

At y = ygg, the electroneutrality holds and the solution po-
tential is set at a fixed value

D(Yrz, t) = Pge [48]

The derivative of surface coverage is set to zero at the
boundary

30(ygg, t) =0

oy [49]

Initial conditions at t = 0.—The initial concentration for
each species is equal to its bulk concentration

ey, 0) = ¢;pu

Also, there is no deposit before the application of cathodic
protection

i=1-9 [50]

8y, 0)=0 [51]

Solution Technique

The model equations will be cast in finite difference form
and solved using Newman’s BAND(J) subroutine® with an
implicit time-stepping technique to obtain the surface cov-
erage of the calcareous deposits, the concentrations and
potential distributions throughout the diffusion layer. The
structure of the model equations is listed in Table I.

Once these values are known, the current density due to
the individual electrochemical reaction j can be determined
using the Butler-Volmer equation, Eq. 32, and adjusted us-
ing Eq. 31. Moreover, the total current density can be found
by summing the individual current densities®

. NR .
=34 [52]
j=1
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Table 1. Structure of equations in the model.

Boundary conditions

Governing Initial
Unknown equation aty=0 at y =ygg condition
Co, Eq. 17 Eq. 26 Eq. 47 Eq. 50
Cq, Eq. 17 Eq. 26 Eq. 47 Eq. 50
Com- Eq. 16 Eq. 25 Eq. 47 Eq. 50
Cage Eq. 17 Eq. 27 Eq. 47 Eq. 50
Coar Eq. 17 Eq. 27 Eq. 47 Eq. 50
Coot- Eq. 15 Eq. 27 Eq. 47 Eq. 50
Crco; Eq. 14 Eq. 28 Eq. 47 Eq. 50
Cpa Eq. 17 Eq. 28 Eq. 47 Eq. 50
Ca- Eq. 17 Eq. 28 Eq. 47 Eq. 50
0 Eq. 18 Eq. 29 Eq. 49 Eq. 51
] Eq. 19 Eq. 19 Eq. 48 —

Also, the molar ratio of the CaCO; to Mg(OH), in the de-
posits at time ¢ can be computed in a straightforward way

Z RCaZ*vt
Ta2eMg2rt = B — [53]
> Rygsy

i

and similarly the Mg(OH), to CaCO;

> Ruygey
ng2+/Ca2*,t =t [54]

> Rearey
t

Parameters

The parameters used in the model are listed in Tables II-
VI. All of the parameters are reported at 25°C and 35 ppt
salinity or have been adjusted to 25°C and 35 ppt salinity.
An example using the parameters in Tables II-VI was stud-
ied and is discussed in the next section.

Results and Discussion

Concentration profiles.—The concentration profiles of
some components in seawater are revealed in Fig. 9-12. The

Table Il Fixed physical parameters in the model.

Parameter Value

T 298.15 K

Q 50 rpm

Po 1.0234 X 107%® Kg/em?®
v 9.33 X 1072% cm?/s
T 1.0

& 0.25°

Yre 1.5 X 107*em
) 1.0x10%%em
\4 0.0¢V

Dy 0.9°V

Urs 0.242°V

2 Taken from Ref. 32.

b The residual current density is about 25% of the current density
at 0.5 h.

¢ Calculated from the equation in Ref. 33 and multiplied by 1.5.

4 Observed from the deposit morphology in Fig. 5.

¢ Chosen arbitrarily to set V — &gz = —0.9 V(SCE).

! Taken from Ref. 20.

Table 1ll. Kinefic and thermodynamic parameters for the
electrochemical reactions in the model.

Reaction Oy Og By dgaus (Afem®) T (V)

24 X 1072 0.401°

0O, + 2H,0 + 4e” 2 40H" 1 1 2 L
4 20x10"c —0.828°

2H,0+2¢" 220H +H, 3 1

For oxygen reduction, co g = 1.0 X 1077 * mol/em?, cop gaw = 1.0
X 107*° *'mol/cm?.

For hydrogen evolution, ¢y g, = 6.7 X 107 ¢ mol/em®, con guta =
1.6 x 107° ° mol/em?®.

2 Taken from Ref. 22.

® Taken from Ref. 20.

¢ Chosen arbitrarily.

Table IV. Parameters of reaction constants and apparent solubility
product constants of the precipitation reactions in the model.

Reaction K, k m
1 6.96 X 107¥ 2mol%/em® 1.13 X 1072 " mol/em?*-s 1.7°
2 4.50 X 107"° °mol®*/cm® 3.7 X107 %em"/mol? s —

Reaction 1: Ca® + CO%” — CaCO,.
Reaction 2: Mg® + 20H™ — Mg(OH),.

? Taken from Ref. 34.

b Taken from Ref. 16.

¢ Taken from Ref. 4.

4 Taken from Ref. 19 and adjusted to 25°C.

Table V. Parameters of the homogeneous reaction in the model.

Reaction K

HCO; + OH™ 2 CO}™ + H,0 8.40 X 10" * em®/mol

® Predicted from the equations in Ref. 35.

Table VI. Diffusion coefficients and concentrations of the components
in seawater in the model.

Species D; (em?/s) X 10° Ci et (mol/em?)
0, 2.90* 2.11x 108"
H, 6.28° 6.7 X 1071

OH~ 5.27¢ 1.6x107%¢
Mg* 0.705¢ 5.45 x 107°¢
Ca™ 0.793¢ 1.05 x 107!
coz- 0.955¢ 2.07 X 1077 ¢

HCO; 1.19¢ 1.54 X 107%¢
Na* 1.344 430 X 10748
cr- 2.03¢ 5.58 X 107*f

# Chosen arbitrarily.

° Predicted from the equations in Ref. 32.

¢ Taken from Ref. 19 and ajdusted to 25°C.

4 Taken from Ref. 36.

¢ Predicted from the equations in Ref. 35.

fTaken from Ref. 35.

£ Taken from Ref. 35 and adjusted to meet the electroneutrality.

transport of dissolved O, is limited, and its concentration
was near zero on the electrode surface as shown in Fig. 9.
This indicates that the oxygen reduction rate is controlled
by mass transfer of oxygen from the bulk solution to the
electrode surface. Figure 10 implies a steep gradient of pH
in the diffusion layer due to the production of OH™ ions on
the electrode surface. Because of the buffering effect in the
homogeneous reaction, the solution does not become very
alkaline except at the region close to the electrode surface.
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Fig. 9. Dimensionless concentration profile of O, inside the diffu-
sion layer (yee = 1.5 X 1072 em, co,p,, = 2.1 X 1077 mol/cm?).
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Fig. 10. Dimensionless concentration profile of OH ™ ions inside the
diffusion layer [y = 1.5 X 1072 cm, o puiic = 1.6 % 1077 mol/cm?).

Fig. 11. Dimensionless concentration profile of Ca?* ions inside the
diffusion layer [yge = 1.5 X 1072 em, ccg2: pug = 1.1 X 1075 mol/em?).

Figure 11 shows that the concentration of Ca®* ions does
not change much inside the diffusion layer. While, Fig. 12
shows that the concentration of CO}™ ions increases about
eight times on the electrode surface due to the homoge-
neous reaction. Thus, the supersaturation of CaCO, is con-
trolled by the concentration of CO}™ ions, and the higher
concentration of COZ™ ions on the electrode surface is the
driving force for the formation of CaCO,.
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Fig. 12. Dimensionless concentration profile of CO3™ ions inside the
diffusion layer (yg: = 1.5 X 1072 cm, ¢co3- ik = 1.8 X 1077 mol/em?}.
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Fig. 13. Dimensionless concentration profile of O, inside the diffu-
sion layer during the initial stage (g = 1.5 X 1072 em, co,pi = 2.1
X 107" mol/cm’).
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Fig. 14. Dimensionless concentration profile of OH™ ions inside the
diffusion layer during the initial stage (yge = 1.5 X 1072 cm, Cop- puik
= 1.6 X 1077 mol/cm?).
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Fig. 15. Dimensionless concentration profile of Mg?* ions inside the
diffusion layer during the initiol stage (ye; = 1.5 X 1072 em, cgze puc
= 5.5 X 107° mol/em®).

Figures 13-15 show the concentration profiles of some
components in seawater in the diffusion layer within 1 s.
The rapid drop in oxygen concentration, as shown in
Fig. 13, indicates that oxygen is depleted after 1 s. As a
result, the concentration of OH™ ions also drops very
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Fig. 16. Change of the molar ratio of CaCO; to Mg|OH), in the
deposits on cathodically protected steel in seawater with time,

quickly as shown in Fig. 14. Figure 15 implies that Mg*
ions are not depleted on the electrode surface. Therefore,
the formation of Mg(OH), is totally governed by the con-
centration of OH™ ions.

Composition of calcareous deposits.— Although the for-
mation of Mg(OH), is favorable kinetically, the supersatu-
ration of Mg(OH), is much lower than that of CaCO,. Con-
sequently, CaCO, forms much faster than Mg(OH), and the
deposits contain mostly CaCO; as shown in Fig. 16.

Mg(OH), is highly soluble in seawater and its precipita-
tion is controlled by the concentration of OH™ ions, which
are produced substantially only when the concentration of
dissolved O, on the electrode surface is highest. Therefore,
the initial deposits are expected to contain more Mg(OH),
than CaCO; as shown in Fig. 17.

Current density and surface coverage.—Figure 18 shows
the changes of current density and surface coverage with
time from the results of the model. The current density was
found to drop very quickly and continued to decrease with
time but at much slower rates. After the electrode surface
was almost covered, the current density became nearly
constant. However, the residual current density was never
equal to zero due to the porous nature of the calcareous
deposits. Therefore, the calcareous deposits could be
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Fig. 17. Change of the molar ratio of Mg(OH), 1o CaCO; in the

deposits on cathodically protected steel in seawater during the initial
stage.
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viewed as a porous film with fixed thickness and porosity
once the formation is complete.

According to the Butler-Volmer equation in Eq. [32], the
current density for an electrochemical reaction depends on
the concentrations of the reacting species and the overpo-
tential on the electrode surface. In the present model, the
superficial current density was corrected to account for the
inactive surface area occupied by the calcareous depaosits
as described in Eq. 31. Results from the concentration
profiles reveal that the concentrations of the reacting spe-
cies and the overpotential on the electrode surface are
nearly steady with time. Therefore, the increase of surface
coverage with time in Fig. 18 indicates that the main reason
for the drop of current density is the formation of cal-
careous deposits. The calcareous deposits on the electrode
surface reduce the active surface area available for the
electrochemical reactions. This results in the decrease of
the cathodic current density.

The comparison on the current density between the ex-
perimental data and the results predicted from the model is
shown in Fig. 18. From the results of the experiment, it is
found that the current density did not change much during
the first few hours of exposure. This probably results from
the retarded nucleation for CaCO; crystals®®“” on the elec-
trode surface, which is ignored in the model. Moreover, the
current density in the middle of the experiment did not
decrease as fast as the model predicts. This might be due to
the removal of deposits and the loss of adhesion of deposits
from the electrode surface.* To improve the present model,
the processes of nucleation and dissolution of deposits
should be taken into consideration.

Figure 18 also shows the changes in the partial current
densities for oxygen reduction and hydrogen evolution un-
der CP. It is believed that calcareous deposits are capable of
decreasing the rate of oxygen reduction reaction by funec-
tioning as a barrier to oxygen transport; however, their
influence on hydrogen evolution is limited apparently be-
cause this reaction is activation controlled and does not
require mass transport.’’ Our model predictions indicate
calcareous deposits not only reduce the transport rate of
oxygen to the substrate surface but also reduce the active
surface area available for the electrochemical reactions.
This results in a decrease in the cathodic current densities
for both oxygen reduction and hydrogen evolution.

Figure 19 shows the quick drop of the total current den-
sity and the partial current density for the oxygen reduc-
tion due to oxygen depletion on the electrode surface. It is
found from Fig. 19 that the concentration of O, drops very
quickly during the initial stage. However, the change of the
partial current density for hydrogen evolution is relatively
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Fig. 19. Current density decay and surface oxygen depletion on
cathodically protected sieel in seawater during the initial stage.

unchanged. Apparently, the main drop in the total current
density results from the decreasing rate of the oxygen re-
duction. Therefore, it is reasonable to point out that the
sharp drop of current density during the initial stage is
attributed to the oxygen depletion on the electrode surface.

Conclusions

From the results and discussion, the following conclu-
sions are presented:

1. The increase in the concentration of OH™ ions on the
electrode surface is the main driving force for the forma-
tion of calcareous deposits.

2. The calcareous deposits contain mostly CaCO, while
the initial deposits are expected to contain more Mg(OH),
than CaCoO,.

3. There are two stages that occur during the drop of
current density under CP. The first almost instantaneous
drop (within a second) in the current density is attributed
to the oxygen depletion on the electrode surface, and the
second decrease of the current density is associated with
the formation of the calcareous deposits on the electrode
surface.

4. The calcareous deposits on the electrode surface re-
duce the active surface area available for the electrochemi-
cial reactions. This results in a decrease in the cathodic
current density.
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LIST OF SYMBOLS

disk hydrodynamic constant, 0.51023

total electrode surface area, cm?

surface area occupied by solid deposits inside
the deposits, em?

surface area occu}Z)ied by porous deposits at
time interval i, cm

uncoated surface area inside the deposits, cm?
surface area occupied by porous deposits on
the electrode surface, cm?

c; concentration of species i, mol/cm®

Ci btk bulk solution concentration of species i,
mol/em?

data solution concentration of species i,
mol/cm?

-9
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N
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Cidata

Cio

ci,ref
i

D
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F

k CaCOg
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K

eq
Ksp,Ca003
KSP,Mg(OH)Z
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M WCaC03
Mg(OH)2

7

N;
NM,PE
NP

NR
Py

Va
Ve

J,‘Caz»fmgzm

ng2+ /Ca%+t

@,

D
Pcacog
PmMg(Om),

concentration of species i on the electrode sur-
face, mol/cm?®

reference concentration of species i, mol/em?®
diffusion coefficient of species i, cm?*/s
effective diffusion coefficient of species i in
the porous layer, em?/s

Faraday’s constant, 96487 C/mol

superficial current density for electrochemical
reaction j, A/cm?®

total current density, A/cm?

local current density for electrochemical reac-
tion j, A/em?

reaction rate constant for the precipitation re-
action of CaCQ,, mol/cm? - s

reaction rate constant for the precipitation re-
action of Mg(OH),, cm’/mol® - 's

equilibrium constant for the homogeneous re-
action, cm®/mol

apparent solubility product constant of
CaCO,, mol*/cm®
apparent solubility product constant of

Mg(OH),, mol®/cm®

reaction order for the precipitation of CaCO,
molecular weight of CaCO,, g/mol

molecular weight of Mg(OH),, g/mol

number of electrons transferred in electro-
chemical reaction j

molar flux of species ¢, mol/em?® - s
MacMullin number for porous layer

number of precipitation reaction

number of electrochemical reaction

anodic reaction order of species i in electro-
chemical reaction j

cathodic reaction order of species i in electro-
chemical reaction j

precipitation rate of j deposit, mol/em? . s
universal gas constant, 8.314 J/mol - K
homogeneous reaction rate of species i,
mol/em? - s

electrochemical reaction rate of species i,
mol/ecm? - s

precipitation rate of species i, mol/em® - s
stoichiometric coefficient of species i in the
electrochemical reaction j

supersaturation for CaCO,

time, s

temperature, K

equilibrium potential for electrochemical re-
action j at reference concentration of species
Y

standard electrode potential for electrochemi-
cal reaction j, V

reference electrode potential at reference con-
centrations, V

velocity of solution in y direction, cm/s
electrode potential, V

volume occupied by solid deposits on V,, cm?®
volume occupied by porous deposits on V,, cm®
molar ration of CaCO; to Mg(OH), in the de-
posits at time ¢

molar ration of Mg(OH), to CaCO; in the de-
posits at time ¢

stoichiometric coefficient of species i in the
precipitation reaction j

normal coordinate in modeled region, cm
position of reference electrode, cm

charge number of species i

anodic transfer coefficient for reaction j
cathodic transfer coefficient for reaction j
exponent in the composition dependent of the
exchange current density for species i in elec-
trochemical reaction j

thickness of calcareous deposits, cm

deposit porosity

surface porosity

overpotential, V

kinematic viscosity, cm?/s

disk rotation velocity, s™*

solution potential, V

solution potential on the electrode surface, V
solution potential in bulk solution, V

density of CaCO,, g/cm?®

density of Mg(OH),, g/cm?®
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Electrochemical Oxidation of Graphite in Organic Electrolytes
Containing PF, or ClO,

Zhengwei Zhang* and Michael M. Lerner**

Department of Chemistry and Center for Advanced Materials Research, Oregon State University, Corvallis,
Oregon 37331-4003

ABSTRACT

A systematic evaluation of the electrochemical oxidation of porous graphite powder electrodes in CH,NO,, CH;CN, and
propylene carbonate (PC) electrolytes containing PFy or ClO, is described. The graphite compounds obtained are charac-
terized by x-ray powder diffraction while in the electrolyte solution and following evacuation. The potential-charge curves
reveal a number of common features which are used to estimate the efficiency of the galvanostatic charge process in the
different electrolytes. The stabilities of the intercalation compounds are also examined by a recharge method. The CH;NO,-
based electrolytes with either anion yield charge efficiencies of greater than 90% to a charge input of 4 C/mmole carbon
(C34), and the oxidized products are stable in the electrolyte solution. The CH;CN-based electrolytes are far less efficient
and the oxidized compounds produced decompose rapidly. Low-stage products can be isolated following oxidation in PC
saturated with NaPF,, but not when the 0.5M LiClO,, PC electrolyte is employed.

Graphite can be chemically or electrochemically oxi-
dized to form intercalation compounds. The preparation of
graphite salts via the chemical route allows for the rapid
production of relatively large and homogeneous samples;
however, electrochemical syntheses offer other advantages.
The oxidation can be controlled and intermediate phases
not readily obtained by chemical methods can therefore be
isolated. The progress of the electrochemical oxidation may
be continuously monitored by potential-charge plots, and,
if side reactions are not significant, coulommetry unam-
biguously provides the charge borne by carbon. The latter
point is especially important as the nature of the charge

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

distribution in chemically prepared intercalation com-
pounds has been a source of controversy for some time.'?

The oxidative electrochemistry of graphite is also of
practical interest. The charge/discharge cycle associated
with graphite intercalation has been suggested as a positive
electrode for reversible, high energy density cells.*® The
stability of the oxidized products formed is therefore a
technologically important issue.

Suitable electrolytes must be stable to the high potentials
required to remove electrons from the carbon w-bands. The
required electromotive force is a function of the charge on
carbon (related to the work function of graphite), which,
for highly charged compounds, can exceed +1.5 V vs. SHE.
Nevertheless, a number of electrolytes have been investi-
gated, including the concentrated aqueous acids H,SO,, **°
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