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The role of the viscous sublayer in calcium carbonate dissolution
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ABSTRACT

Remineralization is a key component of post-treatment of desalinated water, particularly that obtained
by thermal desalination, to avoid corrosion in distribution systems and address human health con-
cerns. Dissolution of limestone under an elevated pressure of carbon dioxide is a common reminer-
alization procedure. Prompted by the desire to optimize this process, we examined literature data on
its kinetics and found that there was no consensus on the mechanism of dissolution or the nature of
the rate-controlling step. We propose a steady-state model, where there is a locally constant concen-
tration of solute in a surface layer of solvent, with the rate of dissolution controlled by transport into
and out of this surface layer. This model can explain the wide variation reported in experimental rate
coefficients for calcium carbonate dissolution and fit experimental data obtained under very different
systems with physically reasonable values for the dimensions of the viscous sublayer.
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1. Introduction

Dissolution of solids in liquids is a phenomenon famil-
iar to everyone from their daily lives. To all appearances,
it would seem to be a simple one, and considering how
critical it is to many industrial processes of enormous
importance, it would be reasonable to expect that it had
been well-understood by this time. However, this does not
seem to be the case [1], despite impressive advances in the
methods available for its study [2]. The kinetics of dissolu-
tion is frequently expressed in empirical terms without a
clear mechanistic significance [3,4], and rate equations are
often expressed as functions of the extent of reaction, 1 - Q
(where Q=Q_/K_), ameasure of the thermodynamic favor-
ability of the process that has no in-principle connection to
its kinetics (Fig. 1) [5,6].

* Corresponding author.

This paper will discuss one particular case of dissolution,
that of calcium carbonate. This is of significance geologically,
as a major factor in the evolution of karst landscapes [11],
and socio-politically, as a constraint on the impact of the
postulated “de-alkalinization” of oceanic surface waters
[12], and in desalination, as the key reaction in many
remineralization systems [13]. There is no clear consensus
on the appropriate rate expression for dissolution of
calcium carbonate [14] which reflects an unclear picture
of the underlying mechanisms. At present processes for
remineralization of desalinated water by calcium carbonate
dissolution with carbon dioxide typically require amounts of
carbon dioxide in excess of the stoichiometric amount which
must be removed by degassing or neutralization with base
after remineralization [15,16], and a clearer understanding of
the mechanism and kinetics should allow better management
of this process by optimizing conditions for the rapid reaction
of carbon dioxide and limestone.
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Fig. 1. Standard free energy changes in calcium carbonate dis-
solution.*

A model for calcium carbonate dissolution must fit
experimental kinetic results obtained under a wide variety
of conditions. In these studies, it has been observed that the
rates of calcium carbonate dissolution:

¢ Fit a dependence on (1 — Q'?), where Q =
K, [17-19],
. At high [CO,], fit a straight line with [CO,], but with an

appreciable y-intercept at CO, =0 (e.g., [20]),

[Ca*][CO Y/

There are strong hydrodynamic effects in the rates of
dissolution, and considerable effort has been expended to
remove the impact of these in many experimental studies.
This is an understandable effort toward a laudable goal, but
it raises two questions. Firstly, is it experimentally possible
to remove all hydrodynamic effects and confirm that they
are absent? The attainment of a plateau where additional
increases in agitation do not provide greater dissolution is
often taken as evidence that the process is no longer transport
controlled, but as Bircumshaw and Riddiford [21] pointed
out a long lifetime ago, this criterion must be applied with
extreme care. “For some systems, it is observed that as the
rate of stirring is increased the observed velocity constant
reaches a limiting value, and thereafter is independent of
the fluid velocity. This may be due to a change to chemical
control, or to the stirrer’s having reached maximum effi-
ciency; for any given case, other criteria must be applied
to distinguish between these possibilities.” Secondly, given
the conditions under which most natural and industrial
dissolutions are carried out, to what extent will the purely
chemical kinetic parameters obtained by the removal of all

*Approximate Gibbs free energy difference between calcite and
amorphous calcium carbonate and ions in solution are obtained from
K, values [7,8]. While the Eyring-Polanyi model strictly holds only
for a model with a single elementary step [9,10], which this is not,
AG* has been approximated from the range of E, values quoted by
Petrou and Terzidaki for the dissolution reaction [6] and an a priori
estimate for AS*: since the reaction as drawn is strongly endothermic,
the transition state should resemble the products, that is, hydrated
ions imposing a great deal of order on the solution, and thus AS# -
AS__, which is about —200 ] K mol™. Using AG*=E, - RT - T - AS*
gives AG* between 72 and 116 k] mol™ for the forward reaction for
calcite, implying AG* between 25 and 69 k] mol™ for the backward
reaction.

hydrodynamic effects be of significant use in understanding
these processes? That is, can a model that excludes hydrody-
namic effects be easily extended for application to systems of
practical interest?

The approach of this document will be to incorporate
both physical and chemical events in the one model, rather
than attempt to remove physical effects and isolate chemical
ones. This is the approach that has been followed to good
effect, inter alia, in the study of the kinetics of emulsion
polymerization [22,23].

2. Results
2.1. General kinetics of dissolution

The most general starting equation for dissolution consid-
ers an equilibrium where the net dissolution rate is obtained
from the rates of forward and backward reactions.

Rdiss = Rf_ Rh @)
where,
R, = kY, Yo [Ca[COT] 2)

where k, is the rate coefficient of the backward reaction and
Y. and Y, are the activity coefficients of Ca* and CO;". The
initial formation of aquated ions, Ca*'(aq) or COZ (aq), from
CaCO,(s) from an area of surface with rate R, will lead to an
increase in the concentration of Ca*(aq) and COZ(aq) in the
immediate vicinity of the dissolving surface. If these are not
transported away, the rate of the backward reaction, R, will
invariably increase until R = R, and the net reaction ceases
Transport away from t{\e surface can be best modeled as a
process driven by the concentration gradient Ac/Ax [24]:

R = E(Ax] 3)

In general, E will be an “eddy diffusion coefficient” of
magnitude of order 10°-107 m?s™. These coefficients scale as
' d_*3[25], where & (W kg™) is the energy dissipation rate
and d__ (m) is the characteristic maximum size of the eddies
in the system, so it is unlikely that E values much greater than
10* m? s can be achieved under the most energetic agitation.

In systems, such as seawater where [Ca?] is everywhere
high relative to [COZ], this transport rate would become:

R =E M (4)
Ax

but in general, it can be expected to depend on the total
concentration,

- (a[cor ] + a[ca™])

)

In stagnant waters, and for some distance from the sur-
face under moderately energetic conditions of agitation
where the flow is laminar, transport will be by molecular
diffusion, and E will become the “molecular diffusion coef-
ficient” D of the magnitude of order 10° m?s™ [26]. Most
importantly, even under highly energetic conditions where
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there is turbulent flow, the liquid directly in contact with
the surface will comprise a viscous sublayer in which flow
is laminar and there will be no net transport of solute away
from the dissolving surface. The thickness of this sublayer
may be from 1% to 20% of the thickness of the turbulent
boundary layer [27]. Note, however, that this is not a static
layer. There are likely to be transient dynamic regions depen-
dent on surface morphology where turbulent flow impacts
directly on the surface [28].

Thus, when considering the generalized dissolution of
CaCO, in terms of the change in concentration of the dis-
solved ions [Ca*] and [COZ] (Fig. 2) there are three processes
which may be rate determining;:

(i) The chemical process, R.-R,
(ii) Transport through the zone of molecular diffusion, R, (D)
(iii) Transport through the zone of eddy diffusion, R, (E)

It is evident experimentally that agitation can acceler-
ate dissolution at all values of ), so step (iii) must be rate
determining, at least at low levels of agitation. However, in
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Fig. 2. Impact of transport through a turbulent boundary layer
on dissolution rates of CaCO, for (a) R __ =6 x 10°* mol m?s™' and
)R, =2x10° m?>s". The 0.104 and 0.632 mm values are cal-
culated for turbulent boundary layers of those thicknesses with
D=1x10%m?s". “High” and “Low” refer to the combination of
the extreme values of D with the extreme values of the thickness
of the turbulent boundary layer expected in the rotating disk
experiments reported by Colombani [17].

retarding the overall rate of the reaction, step (iii) will nec-
essarily increase R, until a steady state is reached such that
R,=R,- R, if this was not the case, the concentration of Ca*
and C/O; at the high concentration end of the zone would rise
indefinitely. Can the level of agitation be increased so that
step (i) is rate-determining such that:

Rdiss = Rf - kb YecaYco, [Ca*] bulk[Cogi] bulk (6)

(The expression that is the starting point for most deriva-
tions of dissolution kinetics)? In principle, it would appear
so, as this will be the lowest possible limit of R,, solution
removed at such a value of R, will only be replaced by the
material of the same composition, leaving R, unchanged.
Thus, Eq. (6) will define an envelope of the maximum pos-
sible rate at any [Ca*], , and [COZ Transport limitations
will lead to curves below this one.

If R, were given by c.kf for all values of (), where ¢ was
a constant, and if k, itself was constant as a function of Q,
the commonly used expression which is often traced back to
the work of Aagaard and Helgeson [29] on silica dissolution,
R,.. =k (1-Q), would clearly follow from the dependence of
the difference between k.and k, on AG__. Note first that rates
are defined here in terms of concentration change per unit
of surface area so that if the specific surface area does not
vary significantly with Q, c should be constant. However, it
is likely that more reactive asperities will be removed more
readily further from saturation, giving a reduction in specific
surface area with time [30,31]. More importantly, it is abun-
dantly clear that calcium carbonate surfaces evolve over time
and exchange material with the solution in a way that implies
that k, will depend on ). Note first the copious literature on
atomic force microscopy experiments showing dissolution
predominantly at high energy sites (kinks and edges) whose
distribution varies with time [32-34]. These high energy sites
will be at different positions on the left-hand side of Fig. 1,
elevated with respect to the thermodynamic value applicable
at saturation which is used to determine k. Note also that
saturation, the surface will necessarily be covered with a
labile layer of the most readily formed polymorph of calcium
carbonate, amorphous calcium carbonate (ACC), which at
some stage as R, falls must be replaced by a surface of calcite
(or aragonite or vaterite, depending on what polymorph is
being dissolved). Thus as Q is reduced from 1 toward 0, one
would expect a number of changes in R.. (1) A decrease due to
replacement of ACC with the underlying substrate mineral.
(2) A decrease due to smoothing with the removal of asper-
ities. (3) an increase as etching phenomena lead to greater
densities of edge and kink sites.

Finally, there is no reason for AG* to remain constant
with Q. The transition state should be similar to the struc-
ture of the product, but increasing concentrations of ions on
the product side will change the nature of the solvation in
the transition state, probably giving a larger enthalpic and
reduced entropic contribution.

The relative magnitudes of D and E suggest that under
low energy conditions (e.g., in quiescent waters), (ii) will
normally be slower than, (iii) and can be assumed to be
the rate-controlling step of the process. Under high energy
conditions where the dimensions of the laminar layer
where D applies are reduced, it is clear that, (iii) will be

]bulk'



C.M. Fellows et al. / Desalination and Water Treatment 201 (2020) 20-30 23

the rate-controlling step of the process. As the rate of (iii)
is increased further so that it is no longer rate-controlling,
will (ii) or (i) become the rate-controlling step of the disso-
lution? Work in this field to date has assumed that at high
agitation rates, there is no laminar layer (ii), so this question
does not arise, but as noted above a turbulent boundary layer
will incorporate a viscous sublayer where transport will be
dependent on molecular diffusion.

2.2. Dissolution of a molecular solute

Before considering the case of calcium carbonate, we will
consider a molecular solute where the complexities intro-
duced by an ionic solute (i.e., the presence of a sum of con-
centrations in the diffusion expression and a product of activ-
ities in the precipitation expression) are absent.

At saturation:

Rf= Rb = kb Y Ca @)

If we assume the transition state is the same under all
saturation conditions, which is appropriate for low values
of ¢, then the same R, and k, should apply, allowing the
approximation.

Rdiss = kh ’ Y ’ Csat - kb ’ ‘Y.Csurf (8)

where c_ . is the effective concentration of the dissolving spe-
cies in surface layer. At the same time, the rate of diffusion
will be given by:

R _ D(Csurf - Cbulk)
diff —
Ax

©)

where Ax is the shortest straight line distance between the
volume where c_=c_  and the volume where ¢ =c
Under steady-state conditions:

bulk®

Ry = Ry (10a)
D(c\ —-C )
k v.C *k Ly-C _ surf bulk 10b
b 'Y sat b y surf Ax ( )
Ax -k -y e = Ax kv ey = D (= G (10c)
Ax-k,-v-c+Doc=D-c+Ax-k v c, (10d)
Ax-k -y-c. +D-c
Csurf — ( b y sat bulk) (11&)

(D+ Ax-k,-v)

This is the same expression found by Colombani [35].
Where D is small, c_  will clearly go to c_. Note that in apply-
ing this expression to attempt to remove hydrodynamic
effects from experimental data, it would be appropriate first
to use whatever eddy diffusion coefficient can be estimated
in the system, rather than the molecular diffusion coefficient,
that is,

(Ax -k, -y-c, +E-c
(E+Ax-k,-y)

bulk)

(11b)

Csurf =

An expression for R, including both hydrodynamic and
chemical contributions can be readily derived. Taking again
the condition that in the steady-state R, =R =R}

_k},'Y'CsaQ7kh"Y'(Ax'kb"Y'Csat+D'Cbulk)

R, = 12a
diss (D+ AX‘kb"‘{) ( )
R :kb.’Y.Csat_kb.‘Y.Csat(A‘xlkb.’Y.Csat+D.Cbulk) (12b)
diss (D~csat + Ax-k, ~y~csat)
Defining k=k, -v-c_, gives:
1-(Ax-k+D-c
R, = 1{ ( )J (13)

(Ax-k+D-c,,)

Clearly the term (1 — (Ax-k+ D¢, J/(Ax-k+ D-c_))
will go to (1 - Q) as Ax-k goes to 0, that is,

R,—>k(1-0Q) (14)

As Q=g /c_, for a molecular solute.

The boundary layer as defined in hydrodynamics, d, is
a quantity defining the distance from a surface where the
velocity of the fluid is retarded relative to the bulk veloc-
ity. For purposes of estimating whether diffusion steps are
rate-limiting, d can be equated to Ax, although it is possible
to postulate a steeper concentration gradient, mass balance
means that the concentration of a solute in a volume moving
more slowly than the bulk cannot remain the same as the bulk
concentration. Estimation of the thickness of the boundary
layer requires an estimate of the eddy diffusion coefficient.
Dreybrodt used the expression E = 10* x D [36], which would
give E =107 m? s, but this expression has no physical justifi-
cation. The expression of Batchelor [37] and Richardson [38],
E = aL*?, where L is the appropriate length scale over which
particle motions are correlated and o is between 2 x 10~ and
1 x 102 m? s, gives values between E =1 x 10® and 2 x 107
at the mm and dm scales.

The turbulent boundary layer expression used by
Colombani for flat plates, d = 2.45 x (u/p)You2E3['2 [39]
where u is the dynamic viscosity of the solvent, p is the
density of the solvent, u is the velocity of the fluid and I
is a characteristic length dimension of the particle, gives
boundary layer thicknesses between 128 and 632 pum for
E =1 x10°m? s under the range of experimental conditions
quoted by Colombani. A similar range of values (104-284 um)
is obtained using the expression used by Colombani for a
rotating disk, d =1.61 x E'3(u/p)"6w'? (where w is the angular
velocity of the rotating disk) under the range of conditions
for which adequate experimental details are provided.

Assuming a c_, = 0.30 mol/m* and postulating that exper-
iments have been able to reach conditions such that R, — k
with experimental values of 6 x 10 or 2 x 10 mol m? s™
[35] (which may be confirmed by assuming microscopic
irreversibility and comparing the values obtained with rates

Note that there have been multiple experiments suggesting that the
K_ for ACC determined by Brecevi¢ and Nielsen [8] at 25°C, 0.40 mol*

m®, is too large and the true value is less than 0.09 mol*> m [40—44].
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of calcium carbonate deposition obtained under conditions
slightly above saturation [45]) curves closely approximating
to R, u (1 - Q) are obtained for plausible thicknesses of the
turbulent boundary layer (Fig. 2). It is clear that the levels
of agitation achieved experimentally should be sufficient to
give R, - R, _, rendering eddy diffusion non-rate determin-
ing (Fig. 2).

With turbulent boundary layers of these approximate
magnitudes, what will be the impact of the viscous sublayer?
As noted above, the thickness of the viscous sublayer is in
the range of 1%-20% of the thickness of the turbulent bound-
ary layer [27]. Taking a relatively conservative estimate of the
thickness of these layers as 5% of the thickness of the turbu-
lent boundary layer and retaining all other conditions identi-
cal to those shown in Fig. 2 gives the curves shown in Fig. 3.
Significant retardation, R, < R, _, is evident, indicating that
transport through this layer may become rate-determining
under the conditions of agitation applied in the experiments
reviewed by Colombani (Fig. 3).

Comparing Fig. 3 with the envelope of experimental
reaction rates for calcium carbonate found by Colombani
[17] (Fig. 4), it is evident that one possible explanation for
the spread of data observed is that the analytical treatments
employed have removed the effect of eddy diffusion, but
not the effect of molecular diffusion through the viscous
sublayer. Colombani notes that higher rates are generally
obtained for smaller particles and lower rates for larger
particles. As the thickness of the viscous sublayer is governed
by the frictional length scale, which is a direct function of the
linear dimension of the system, larger particles should have
a thicker viscous sublayer, giving lower observed dissolution
rates. Other potential explanations for the spread in the data,
such as variations in surface roughness or speciation, have no
reason to vary systematically with particle size.

In order to explain other observed features of calcium
carbonate dissolution — the dependence on [CO,] and the Q'?
dependence found by Colombani - it is necessary to extend
the molecular dissolution model to the case of a 1:1 ion.

2.3. Dissolution of a 1:1 ionic solute

As a first approximation, the following relationship
applies over the whole course of the reaction with a constant
value of k, (cf. Egs. (8) and (14)).

Rdiss = kb ’ Ksp - kh ’ qurf (15)

where Q_ . is the effective ion product v,y ,[M™][A"] of the
surface layer. This relationship will be less inaccurate far
from equilibrium where there will be little net deposition
of ACC on the dissolving limestone surface. These far from
equilibrium conditions will be those prevailing in remineral-
ization systems [14].

The diffusive transport rates of the components of the
ionic solute will be given by:

_ D,, (|:M:|surf _|:M:|bulk)

R = Ax (16a)
M
D,(| A -1 A
Rdifm _ A([ :LX; |: :|bulk) (16b)
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Fig. 3. Impact of diffusion through a viscous sublayer
of a turbulent boundary layer on dissolution rates for
(@R, =6x10°"molm?*s?and (b) R__ =2 x10° m*s™. “High”
and “Low” refer to 5% of the extreme values of the thickness of
the turbulent boundary layer expected in the rotating disk exper-
iments reported by Colombani [17].

where D,,=D_ =793 x10""m?s" and D, = D, =9.55 x 101
m? s [46]. To avoid charge imbalances in a system with no
other ionic components, these diffusion rates should be the
same. Where other ions are present, clearly their migration
can balance the charge, and in seawater where the [Ca*], , is
high compared to [COZ], . a significant counter-diffusion of
CI" can be expected. In considering the dissolution of calcium
carbonate in relatively pure water, the approximation will be
made that interactions between charges retard the diffusion
of the faster ion and the overall rate is given by the diffusion
rate of the slower species:

Cbulk )

DM (Csurf -

R, =
diff Ax

17)

where ¢ is the concentration of all ions = 2[M] = 2[A] = 2(Q/

YY)V

Under steady state conditions such that R, =R

'Ksp (1 _ Q) _ D(Csurf - Cbulk)
Ax

k

b

(18)



C.M. Fellows et al. / Desalination and Water Treatment 201 (2020) 20-30 25

18—
» = Maclnnis (disk)
16F o = Sjoberg (disk)
. o = Rickard (disk)
& = Sjoberg (baich)
141 & = Rickard (batch)
) 4 = Plummer (batch)
ey < = Cubillas (mixed)
S 1.2 + = Xu (mixed)
- e + = Mclnnis {microphoto)
X x = Schott (eylinder)
,:;» 1.0
% 0.8 IO
mr‘.:’: o
06r *
A .
0.45° -
g 4 s a t
o3 <& AA o, Fy
0.2+ + LY ‘& A A
] <o Aot S
o o XX © ApTan A
rilhd : I ’ : .I . X 1 sq( 1 2\*4?1‘.‘
0 0.2 04 0.6 0.8 1
@y

Fig. 4. Dissolution rates of calcium carbonate in similar chemi-
cal and hydrodynamical conditions (ionic strength = 0 and 6 = 0)
computed by Colombani, adapted from [17].
Ax- kh : (Ksp - qurf) =D (Csurf - Cbulk) (19)

An order of magnitude estimate of (K - Q, ) may be
made given that for calcium carbonate dissolution it would
appear that k, - K =10° - 10° mol m?s*, D =10 m* s™,
(Cout = Cou) = 107" mol m?, and K_ = 10" mol* m™, which
implies Ax (K -Q,0)= 105 - 10° mol> m™ at low saturations.
This, in turn, implies that the difference between I(SP = Qs
is only of the same order of magnitude as K_ in a narrow
range of Ax values, 10#-10° m. Smaller values of Ax will lead
to physically impossible magnitudes of this difference (>K),
while larger values of Ax will correspond to K_ - Q_ . This
suggests that if experiments performed to date have reached
the chemically-controlled rate R, agitated systems with Ax
of order 10* m will have a zone with a Q_ . > Q, , in this
volume, similar to the general expression for dissolution pro-
posed by Noyes and Whitney [47].

In order to obtain a full model that takes into account the
effect of H* or CO, on the dissolution of calcium carbonate
under distant from equilibrium conditions, we will apply
another embodiment of steady-state conditions to this sur-
face layer.

In the vicinity of a dissolving surface where laminar flow
conditions apply, let us define a volume of space where the
concentration can be considered to have a constant value,
c..» bordered by the solid and by a volume where the con-
centration is increasing, c, ,,, with a transition zone of thick-
ness O' defined between them (Fig. 5). Note that we could do
the same for the vicinity of a dissolving surface for which
eddy diffusion conditions apply, but D would not then be
well defined.

Flux into this volume will be from dissolution, with rate
Rf =k, KSP (ACC), and molecular diffusion inward, with rate
D-c /0.

Courf

Chulk

Fig. 5. Steady-state model adapted from Noyes and Whitney [47].

A constant k, will be assumed in the first instance. While
this approximation will not be accurate across all saturations
for calcium carbonate, as discussed above, at low saturations
the dissolving material will be calcite or aragonite, while the
immediate product of precipitation will be ACC and thus
R.=k.K (ACC).

Flux out of this volume will be from reprecipitation, with
rate R, = k, - Q_ ., molecular diffusion outward, with rate
D -c_ /%', and the reaction of a reactive solute, which for a
carbonate will be H* or H,CO,, with rate k' - v, Y, - [CO,] -
[COTor k" - vyYeo, - [HT - [COT]. (Here, k' incorporates the
uncertain rate coefficient for CO,(aq) + H,O — H,CO,(aq)).

In the presence of CO,, it might be expected that in gen-
eral there could be reactions of H,CO, or H,O* directly with
CaCO,(s), so that this process could impact the kinetics.
Competition between reactions taking place on the surface
and reactions taking place in the continuous phase will be
important as the dimensions of the surface layer decrease
with greater agitation, as the concentration of the solute
decreases, and as the zeta potential of the dissolving sur-
face becomes negative. Under remineralization conditions,
relatively low agitation means that reactions are likely to be
controlled by eddy diffusion, with thick surface layers, while
concentrations of solute are relatively low. Estimating a sur-
face site concentration of 6.9 umol m= on particles of diam-
eter 2 mm, the same amount of CO32 would be present in a
layer 24 pm thick for solution saturated with respect to ACC,
alayer 210 um thick for 0.1 c_, and 1.29 mm thick for 0.01 c_,.
Given the likely dimension of surface layers under demin-
eralization conditions will be greater than 1 mm, there will
be considerably more carbonate available for reaction in the
continuous phase than on the surface. Furthermore, the direct
reaction between H,CO,(aq) and CaCO,(s) must necessarily
pass through some intermediate Ca(HCQO,),(s) species; this is
not known to exist so this pathway must be considered to be
highly thermodynamically unfavorable. Finally, any H,CO,
or H,O" reacting directly with the surface must have avoided
reacting with any other species in its diffusion toward the
surface. At least under normal industrial conditions for the
dissolution of calcium carbonate in solutions at moderately
acidic pH [48], it would appear to be reasonable to discount
the participation of surface reactions. While at very low ion
strengths the zeta potential of CaCO, is negative even at low
pH values [48], in seawater and even relatively low ionic
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strength solutions it is positive [49]. Thus, electrostatic effects
mean that direct reactions of H,O" with the surface of solid
CaCO, particles will be unlikely to occur in seawater.

The steady-state expression for fluxes into and out of this
boundary zone will then be:

ap([car J[cor ) ~[ea* oy )

1/
calco, k- ’ i surf
(y ym) &'~ k'-[CO, ][ cor]

ur

kb : K k qurf

j (20)

And the rate equation:

(=Yoot ]l L1 DL o
(yCayCO? ) §+k-[CO,]-[cOr ]

k/ =k, - Qe =4D

Rate =

surf

which in the absence of CO, will be:

p([ca*][cor])” —[Ca“}[COi’])xkj

Rate =
(tete,) @

(22)

Near equilibrium, c so in the absence of

significant [CO,]:

urf - Csat’

D-K!*(1-Q")
6/

Rate —» (23)

Thus, the slope near the saturation of graphs of
dissolution rate vs. ' should be linear, as found by
Colombani [17], and should be given by —D.ng/z/é’. Further
from saturation, it is expected that c¢_ < c_, and the slope of
the curve should decrease, as can be seen in several of the
data sets in Fig. 4.

Taking D (Ca*)=7.93x10"m?s™, K_ ,(ACO)=0. 10mol’m
and the range of slopes found by Colombani (5 = 107 to
6 x 10° mol m™ s') gives a range of values of &' from 42 to
500 pm.

These numbers are of approximately the same order of
magnitude as values obtained by applying the expressions
given in Colombani for determination of Ax with an eddy
diffusion coefficient of 10 m? s (104284 um for rotating
disk experiments and 128-632 um for stirred experiments for
which stirring rates and indicative particle sizes were given
in the supporting information) and without further tweaking
of the model imply viscous sublayers of >10% of the thick-
ness of the turbulent boundary layer.

Note that the diffusion term in Eq. (22) provides one plau-
sible explanation for the observed reduction in dissolution
rates in the presence of Mg [50,51], anomalous as the solubil-
ity of magnesium carbonate trihydrate is significantly greater
than that of ACC [52]. If Mg is present in the surface layer in
quantity sufficient that a significant amount of CO?" is pres-
ent in the form of dynamic MgCQO, ion pairs [53], which form
much more readily than CaCQO, ion pairs [54], the effective
diffusion coefficient of COZ would be significantly reduced.

Under conditions where the reaction of CaCO, is dom-
inated by the reaction of dissolved carbonate w1th acid,
COZX(aq) + H,CO,(aq) - 2HCO;(aq), the steady-state model
implies that:

D(Q"2 - Q>

surf bulk

e e s[co. ] [co ]

(24)

surf

With the rate of carbonate removal by reaction with car-
bon dioxide dependent on the volume of the steady-state
layer and Q2 going to zero as the overall rate of the reaction
increases. This implies that the observed rate will be a linear
function of [CO,] with a positive y-intercept.

Close to saturation:

D-K*(1-0'?)

Rate = v a0, ]

(25)

where k" will appear to be constant as [COZ]_ .
insensitive to .

Note that the steady-state model outline above would not
give a (1 — Q%) order dependence for salts that have stoi-
chiometries other than 1:1, but that the dependence would
depend on the relationship between Q_ and ¢, . Thus this
model would imply a (1 - Q) order dependence for silica [55],
and for 1:1 salts where one of the product ions is in a large
excess, which is the case for the important practical instance
where CaCOQ, is dissolved in seawater [24]. Most importantly,
note also that this dependence should also be visible in lower
energy systems that are controlled by eddy diffusion, though
the lack of constant values for eddy diffusion coefficients will
make such data more difficult of interpretation. In demin-
eralization systems when carbon dioxide is reacted with
limestone the appropriate expression for fitting kinetic data
should therefore be:

se([ca ot )| e Jeor )
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Rate =
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where E is the eddy diffusion coefficient for low-energy tur-
bulent transport and 9’ is of order 10~ m consistent with the
estimates above.

At very low pH or very high levels of agitation, direct
reaction of acid on the surface is likely to become significant.

3. Comparison with experimental results

Experimental observations from the literature of calcium
carbonate dissolution under conditions of relevance to rem-
ineralization are fitted to the model below.

To determine the probable thickness of the viscous sub-
layer around particulate calcium carbonate, the boundary
layer thickness was estimated using d = 0.22 r¥4%°, where r
is the particle radius and u is the velocity of flow, estimated
from the expression of Colombani [17] for stirred systems,
1= 0.3 Lo, where L is the length of the stirrer.

3.1. Cubillas et al. [56]

In this work aragonite, calcite, and shellfish with different
surface morphologies and calcium carbonate decomposition
were dissolved in water at a range of final pH conditions [56].
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Particle sizes of 1-1.5 mm and stirring rates of 100-700 rpm
were employed, which should give turbulent transport lay-
ers of thickness between 900 um and 1.5 mm.

While each data set had relatively few data points,
they could all be plotted against the Colombani Q2
dependence (assuming activity coefficient of 1 due to
the low concentrations observed) with slopes between
1.3 and 2.1 x 10 mol m™ s (Fig. 6). Using a K_ value of
0.09 mol2 m* for ACC and D = 7.93 x 100 m? s, Eq. (23)
implies d' of between 115 and 183 pum for these systems,
with 8" always lower for the mineral samples than for the
seashells. Note that these are remotely plausible values
for the dimensions of a rate controlling viscous sublayer
considering the likely dimensions of the boundary layer
(~10% of the boundary layer thickness). Cubillas et al. [56]
report a better fit to geometric surface area normalized
rates than Brunauer-Emmett-Teller (BET) surface area
normalized rates, which is what would be expected if the
process happening at the interface was not the rate con-
trolling one.

3.2. Peng et al. [20]

This work involved the dissolution of calcium carbonate
at high temperatures under several atmospheres pressure
of carbon dioxide (Fig. 7) [20]. Under these conditions, the
reaction can be expected to be dominated by the [CO,] term
in Eq. (21), and linear plots are obtained for their data at all
temperatures of rate as a function of [H,CO,] determined by
Henry’s Law.

The y-intercept was used to estimate an upper limit
on ', assuming Q_ .= I(SP and that KSP (ACC) scales with
temperature in the same way as the scaling of K (cal-
cite).[7], giving values of 0.3-1.1 um. The slopes of these
curves should be given by k' - ' - [COZ]_ .. An Arrhenius
plot of the obtained k' values assuming [COZ]_ = [COZ]
. 18 given in Fig. 8. It can be seen that reasonably con-
sistent rate coefficient values are obtained over the range
of experimental temperatures, with a plasusible activation
energy of 45 k] mol™.
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Fig. 6. Data of Cubillas et al. [56] for dissolution of calcium car-
bonate at 25°C at alkaline pH.
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Fig. 7. Data of Peng et al. [20] for dissolution of calcium carbon-
ate under elevated pressures of carbon dioxide at temperatures
between 50°C and 100°C.
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Fig. 8. Estimation of the activation energy for the reaction of
H,CO, and CO?- from the data of Peng et al. [20].

4. Conclusions

In this work, we have derived using the steady-state
approximation for mass transfer into and out of a surface
layer, a general expression for the dissolution of limestone by
carbon dioxide under conditions found in limestone beds for
remineralization of desalinated water:

s([ca oot ), ~[ea Jeor )

L . 27)
(vesreo,) &+k"-8[CO,]-[COY ]

Rate =

surf

In contrast to commonly employed semi-empirical fits,
every term in this model has a clear physical significance
and can only be varied within relatively tight limits. We have
applied this model to experimental data from the literature
and have found it to be consistent with observations. The
model we propose gives a unified interpretation of data on
calcium carbonate dissolution obtained under various con-
ditions relatively far from saturation and suggests hydrody-
namic control of the rate of limestone dissolution under all
plausible conditions within limestone/CO, demineralization
systems.
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Implications of this model for remineralization opera-
tions relate primarily to the optimization of particle size and
flow rate. The expressions derived here for rates of disso-
lution in the presence of an acidic species at moderate pH
include terms with both a direct and inverse dependence on
the thickness of the surface boundary layer, d. While setting
conditions so that d is as small as possible (i.e., smallest par-
ticle sizes and fastest flow rates) would be appropriate for
conditions where the reaction is not controlled by reaction of
dissolved carbonate ions, this will not necessarily be the case
where carbon dioxide is added to provide an acidic environ-
ment. While reducing particle size will increase the surface
area available for reaction, for a given velocity of flow past
the particles it will also reduce the thickness of the laminar
flow layer, potentially reducing the volume where carbonate
ions will be present in high concentration to react with acidic
species. In a similar way, increasing flow rates will reduce d
and the effectiveness of the acid treatment. Numerical mod-
eling of the expressions derived here coupled with labora-
tory scale dissolution studies is proposed as a way forward
to determine how close the flow rates and particle size ranges
currently employed in remineralization beds approach opti-
mum values.

Symbols

ACC — Amorphous calcium carbonate

BET — Brunauer—-Emmett-Teller theory

— Saturation concentration, mol dm=

— Concentration at the solid/liquid
interface, mol dm=

— Concentration of species x, mol dm=

Molecular diffusion coefficient, m? s

— Molecular diffusion coefficient of species

x, m?s!

Characteristic maximum eddy size, m

— Eddy diffusion coefficient, m? s™

— Activation energy

— Rate coefficient

— Pseudo-rate coefficient for overall reac-

tion CO,(aq) + COX(aq) + H,O() —

2HCO;(aq) incorporating water activity,

mol? dm®* m=2 s

Rate coefficient for overall reaction H(aq)

+COX(aq) » HCO;, mol™ dm’ m™?s™

Rate coefficient for backward reaction

per unit area of surface, mol™ dm® m?s™

Rate coefficient for forward reaction per

unit area of surface, m2 s dm=

— Solubility product

length of a dissolving particle, m

— (1) Length scale over which particle

motions are correlated, m; (2) length of

stirrer in a stirred system, m

Solubility product quotient

— Solubility product quotient at the surface

— Ideal gas constant, 8.314 ] K mol™

Backward rate of reaction per unit area of

surface, mol m2 s dm=

Rate of diffusion per unit area of surface,

mol m? s dm=

— Rate of dissolution per unit area of
surface, mol m?s' dm™
Forward rate of reaction per unit area of

diss

! surface, mol m?s' dm=

R, — Transport rate away from the surface,

mol m?s? dm™
o — Maximum transport rate away from the

surface, mol m?s' dm=

T — Temperature, K

u — Velocity, m s

[x] — Concentration of species x, mol dm=

[x], 0 — Bulk concentration of species x, mol dm=

[x],..c — Surface concentration of species x,
mol dm=

a — Scaling constant for estimating eddy dif-
fusion coefficient, E, from length scale, L,
m2/3s—l

Y, — Activity coefficient of species x

o — Boundary layer thickness, m

o' — Thickness of a transition zone between
two volumes of relatively constant con-
centration, m

Ac — Change in moles per unit volume,
mol dm

AG_ — Gibbs free energy of reaction, k] mol™

AGH — Gibbs free energy of activation, k] mol™

AS_ — Entropy of reaction, ] K* mol™

ASH — Entropy of activation, ] K™ mol™!

Ax — Distance over which concentration
varies, m

Alx] — Change in moles of species x per unit
volume, mol

€ — Energy dissipation rate, W kg™

vl — Dynamic viscosity, Pa s

p — Density, kg m™

W — Angular velocity, rad s

Q — Saturation, QSP/KSP
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