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Abstract

The dissolution or growth of solid particles, analogous to electro-dissolution and deposition processes, can occur either under
mass transport or surface kinetic control with the latter considered increasingly likely as the size of the particle decreases
since the rate of diffusion scales inversely with particle size. The conditions under which these processes are influenced by
the adsorption of species onto the dissolving or growing surface are explored both generically and illustrated by the specific
case of calcite (CaCO;) particle formation/dissolution in aqueous solution forming or from the component ions. Under
surface control, the presence of adsorbed species leads to ‘blocking’ of the reactive surface, and a corresponding reduction
in the observed rate. Under mass transport control, the concentrations of the various species in the layer of solution next to
the solid are in equilibrium with the solid. They are thus pinned by the pertinent solubility product coupled with the solute
fluxes in and out of the diffusion layer. In this situation, adsorption effects on the kinetics of dissolution/growth emerge in
the observed effective thermodynamic solubility product as inferred from experiment. The predictions for the reduction in
the rate of calcite dissolution in aqueous solution in the presence of dissolved Mg>* cations are in quantitative agreement
with experiment suggesting that for solids such as calcium carbonate, the effective solubility product and hence dissolution
or precipitation rate is generically dependent on the identity and coverage of the adsorbate.

Background

The kinetics of precipitation and dissolution fundamentally
and profoundly influence a vast diversity of processes not least
in respect of both the environment and chemical technology
including the mineral mining and processing industry [1-5].
The inherently two-phase nature of the growth/dissolution of
solids in a liquid phase implies that the processes are, intrinsi-
cally, at least a two-step reaction, involving both the transport
of solute to or from the bulk phase to the growing interface and
also integration/detachment of material at the interface into or
from the solid. Either of these two steps can be rate-determining.
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The aforementioned two-step processes underpinning all
precipitation or dissolution reactions (see footnote) are also
commonly seen and studied in electrochemistry. In electro-
chemistry, the interfacial kinetics can be controlled by the
magnitude of the thermodynamic driving force in the form
of the applied electrode potential [6]. At sufficiently high
applied over-potentials, it is well known that the mass-trans-
port limited flux (mol m? s™!) to smaller electrode particles
is greater than that of larger electrodes [7]. Similarly, it is
well appreciated that, for particles undergoing precipitation
or dissolution, the diffusive transport fluxes to smaller parti-
cles are greater than fluxes to larger ones. In other words, for
a sufficiently small particle, the rate-determining step must
become the surface-controlled reaction whilst transport con-
trol will be exerted for large enough particles [8]. This, for
example, explains why silver nanoparticles are more toxic
than bulk silver [9, 10].

This work, inspired by electrochemistry and driven by the
need to understand calcite precipitation or dissolution kinet-
ics in the world’s oceans, explores the influence of adsorption
and the effect of particle size on the rate of precipitation or
dissolution. The world’s oceans contain, for example, high
concentrations of Mg?" (ca. 55 mM) which is known to be a
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calcite dissolution inhibitor [11-14]. First, we discuss reac-
tions with a stoichiometry ratio between moles of reactants
and moles of products of 1:1 before moving to discuss how
this affects a more complex reaction with stoichiometry of
1:2 such as in the case of CaCOj;(s) in which dissolution pro-
duces for example cations and anions so that there is a change
in the number of moles between reactants and products.

Main text

First, we explore the consequences of surface adsorption
on both surface kinetic and mass transport control of the
reaction rate with respect to the dissolution or precipita-
tion of solid particles of species Z, on which adsorption
of a surface-active species, X, takes place:

kads
X(aq) = X(ads) (1)
kdes

The simplest case is that of Langmuirian adsorption [15,
16]. If k,,, (m s™') is the rate constant for adsorption of X
and ky,, (mol m™% s™!) is that for desorption, then the ratio
kags/ k405 18 €qual to K, where K is a pressure and temper-
ature-dependent equilibrium constant for adsorption with
units of reciprocal concentration. The fractional coverage,
0, of the surface of Z covered with X is given by

_ KIX] )
T 1+ K[X] @)

and0 <@ <1.

The two limiting kinetic cases identified above in the
absence of adsorption are characterised by the following
simple scheme written for the case of dissolution:

ky kyr
Z(s) = Z(aq) — bulk 3)
kb

where k; is the rate constant for dissolution with units of flux
(mol m~2s™!) and k, is that for precipitation (m s7h. kyr 18
the rate constant for mass transport which for a spherical
particle, of radius r, experiencing diffusion-only mass trans-
port in bulk solution is given by k,, = D/r where D is the
diffusion coefficient of the dissolved Z. Analogous expres-
sions are available for a spherical particle supported on an
insulating plane [17] and for a cube [18, 19]. Consideration
of steady-state kinetics in respect of (3) leads to the follow-
ing expression for the overall flux J (mol m™2s™!):

Kekyr

ﬂux J= [Z]surfacekMT = (4)

ky, + kyr
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As illustrated in Fig. 1, for surface control where
kyr > k;&k), the above expression readily becomes

J =k Q)

whilst for mass transport control dissolution (k,,; < k.. k,),
flux becomes

J= K;’PkMT (6)

where the solubility product K¢ = [Z],, 5. = k;/k, and
where the subscript ‘surface’ indicates the equilibrium con-
centration adjacent to the solid surface and the superscript ‘0’
denotes standard conditions and the absence of adsorption.
In the two limits, the fluxes calculated via either (5) or (6)
can be linked with the gain or loss of material by the solid
and hence, via the known density of the solid, its change in
size as a function of time. This leads to a simple yet power-
ful method for distinguishing between two limiting kinetic
cases [20-22]. For surface control, the change in radius, r,
for a spherical particle, or the length of a quasi-cubic crys-
tal in the case of calcite, is linear in time, so that dr/dt (or
dl/dt in the case of a cubic particle) is a constant whereas
for mass transport control the two-dimensional projection
area, A, changes linearly with time [20-22]. In the latter
case, dA/dt is constant. Thus, for particles of a few microns
in size observation via optical microscopy of the change in
dimensions of the growth or dissolving solid particle allows
the mechanism to be characterised. By linking size change
to the change in the amount of solid, either a surface rate
constant or a solubility product can be inferred [20, 21].
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Fig.1 A schematic diagram illustrating the size-dependent effect
on the rate-determining step for particles undergoing dissolution.
The stoichiometry of the illustrated dissolution process is 1:1, i.e.
Z(s) = Z(aq). For large particles the mass transport coefficient, k.,
is slow and rate-determining. On the other hand, the mass transport
coefficient, k., is large for small particles so the surface kinetics (kf
and k;,) becomes rate-determining
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These considerations relate to the simple case where the
solid is comprised of molecules of Z which equilibrate with
Z in solution. In the case of an ionic solid such as calcium
carbonate, the thermodynamically most stable form of which
is calcite, the pertinent equilibrium is

ky kyp
CaCO5(s) = Ca**(aq) + CO;* (aq) — bulk 7
kb

where k, has units of mol~! m* s~!. In this case, the ther-

modynamic solubility constant, K;‘p, also referred to as the
stoichiometric solubility constant in seawater studies, equals
the product of the relevant free ions

K¢ = [Ca™*][CO5™] ®)

In the hypothetical absence of any homogeneous chemi-
cal reactions of the dissolved ions, the flux under mass trans-
port control is given by

1/2
J = K, kyr )

where k., is again given by D/r but now reflects an aver-
age diffusion coefficient for the two ions Ca** and C032_,
the diffusion coefficients of the two ions being in any case
rather close in value (Dg+= 7.92x107'% and Deo- =
9.23x 10719 m? 57! at 25 °C) [23]. However, in reality, the
dissolved ions participate in a plurality of chemical reac-
tions including with water forming bicarbonate ions (and
at low pH, carbonic acid and hence dissolved CO,), and
with each other forming CaCOj ion pairs in pure water.
Moreover, a plurality of ion pairs is observed in complex
media such as seawater (with an ionic strength of ca. 0.7 M)
[24-26]. Under these conditions and assuming all Ca>* spe-
cies formed are in equilibrium with their component ions,
then the dissolution flux becomes

J = kMT Z [Ca2+]mrface (10)

where the summation is over all the Ca>" species. In this
case, if the homogeneous chemistry is understood and the
relevant equilibrium constants known [24], then it is pos-
sible to use microscopic sizing measurements to infer that
thermodynamic control exists (from the constancy of the
rate of change of projected area with time, dA / dt), or not.
It is also possible to obtain a measurement of the thermo-
dynamic solubility product, as defined above in terms of the
concentrations of the free ions.

The accepted value of Kg for calcite in pure water is
reported as 3.3 X 10~° M2 [27]. Note that this is (signifi-
cantly) different from the apparent stoichiometric solubility
product used widely to describe solubility in seawater which
is defined as [28, 29].

Ko s = ICaT T [COS] an

In this equation, the summations extend over all Ca** and
CO%‘ containing species. Note that both K;’p and K;’p, apparent
are written, following usual practice [30], in terms of
concentrations rather than activities so are ionic strength
dependent.

The above shows that a combination of measurements
of particle size coupled with the modelling of the relevant
solution phase chemical equilibria allows the inference of
the thermodynamic solubility product defined in terms of
the free ion concentrations. This in turn allows the inves-
tigation as to whether the presence of adsorbed species
can alter the value of K? . Considering first the dissolution
of Z as introduced above the presence of an adsorbate of
coverage ©®, we note the expectation that both the for-
ward and back rate constants, kf and k, are reduced by the
same factor (1 — ©) in the presence of adsorption. This is
because for the dissolution this factor represents the frac-
tion of exposed surface available from which loss of Z
can take place via dissolution and similarly the same frac-
tion is available for the reverse process of precipitation as
illustrated in Fig. 2. It follows that for surface-controlled
dissolution, the rate of dissolution decreases by a factor
of (1 — ®), as shown in Fig. 2a). Under mass transport
control, at first sight, one might predict that there is no
kinetic consequence since both k; and &, decrease by the
same factor so that their ratio, K, remains unchanged.
Thus, in the case of solid Z dissolving to form molecules
of Z in solution under mass transport control, the amount
of dissolved Z in the interfacial region is, we might (incor-
rectly) predict, unchanged from that seen in the absence of
adsorption. However, returning to (3), we see by equating
fluxes of Z in and out of the diffusion layer that

(1 - ®){kf - kb[Z]aq} =kMT[Z]aq (12)

where the left-hand term reflects the net flux into the diffu-
sion layer and the right-hand term is the flux out of the diffu-
sion layer due to diffusion. It follows that the amount of Z in
the diffusion layer is reduced by a factor of (1 — ®) since the
amount in a steady state is reduced by that factor and hence
the appropriate form of (6) in the presence of adsorption is

J=(1- @)K;;kMT (13)

In physical terms, the diffusional overlap of mate-
rial being ‘injected’ into the diffusion layer takes place,
as shown on the right-hand side of Fig. 2b), leading to an
ever-decreasing average concentration as the coverage, ©,
increases whilst the mass transport coefficient for the diffu-
sion of Z out of the diffusion layer, k,,,, remains unchanged.
Note that the dissolution from the surface into the diffusion
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Fig.2 A schematic diagram
showing the dissolution of a
solid particle of Z in the pres-
ence of an inhibitor, X(ads), (kme » kg, ky)

adsorbed with a non-zero sur- Z(aq)
face coverage (0 < © < 1).
Dissolution only occurs on
pristine surfaces, absent of N
the adsorbate, X(ads). The y
stoichiometry of the dis- e ®
solution process is 1:1, i.e.
Z(s) — Z(aq). In the case
of surface-controlled dissolu-

tion (kyr > kg, k), as shown (ot << ki, k)
mt fr*b

b) (with adsorption)

a) (with adsorption)
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is limited by the rate of mass .~~~ @ X(ads) > 2(s) W@ v Diffusional overlap

transport of Z(aq) away from - ’

the diffusive layer L7777 Substrate Z @ |nhibitor X

layer is spatially heterogeneous because of the adsorbed spe-
cies partially blocking the process. However, the latter are
of atomic or molecular dimensions so the lateral scale of the
distance between the points of ‘injection’ is tiny compared
to the physical thickness of the diffusion layer (typically tens
or hundreds of microns). Consequentially, lateral diffusion
homogenises the concentration of dissolved species within
the diffusion layer allowing analysis in terms of the one-
dimensional formulation of (3).

We next turn to consider the dissolution of CaCOyj in the
presence of an inhibitor. Again, in the surface-controlled
regime, it is expected that the dissolution rate is again
reduced by a factor of (1 — ®). In the mass transport-con-
trolled regime, the net access to the diffusion layer is again
reduced by the factor of (1 — ®) so that

(1 = O){k — k,[Ca®*|[COT} = kyy D [Ca*] (14

This equation again shows reduced material entering the
diffusion layer and so implies a rate reduced by a factor of
(1 — ®). Here we expect that the mass transport out of the
diffuse layer is limited by a (geometric) mean diffusion coef-
ficient of the various diffusing species containing Ca** as
inferred from the diffusion coefficients of the free ions in
pure water [23].

The above predicts that under both mass transport and
surface control, the presence of adsorption reduces the dis-
solution rate by a factor of (1 — ®) with complete surface
coverage leading to total inhibition. However, the mechanis-
tic criteria of dr/dt and dA /dt being constant for surface or

@ Springer

mass transport control are unchanged as is the size threshold
for the transition between the two regimes.

We next compare the above theoretical predictions with
experiment and consider the dissolution of calcite parti-
cles in aqueous solution containing various amounts of
dissolved Mg?* ions which are known to slow the dissolu-
tion of calcite [14, 31, 32]. In particular, previous reports
[20, 22] have shown that the dissolution of micron-sized
crystals (and larger) occurs under apparent thermodynamic
control, however, at a rate significantly lower than expected
from (10) and the known solubility product of calcite [20].
The data were consistent with pinned concentrations of the
dissolved ions in the diffusion layer suggesting a possible
thermodynamic control. The magnitude of the dissolution
fluxes enabled the inference of the product [Ca2+][CO32_].
This differed from the known true thermodynamic solubility
product by a factor of 1/ { L+ Ky, [Mg2+]} over a wide range
of Mg?" concentrations (0—15 mM). This factor corresponds
to (I — ©®) as predicted by (3) and as shown in Fig. 3.

The above gives a theoretical basis for the observed kinet-
ics of dissolution of solids in the presence of adsorption.
Because of the competing fluxes into and out of the diffusion
layer under the control of mass transport, the observed rate
is predicted for the known thermodynamic solubility product
but with a magnitude reduced by a factor of (1 — ®). Note
that the true thermodynamic solubility product is unchanged
and given by k;/k,; the reduction is a consequence of the
operation of steady-state kinetics controlling the popula-
tion of dissolved ions in the diffusion layer. For this reason,
the dissolution is probably better described as being under
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Fig.3 Plot of [Ca®*| [CO %] inferred from single particle dissolution

measurements against +) The data shown in this figure
1+ Ky, [Mg>*]

were obtained from recently published work [20]. The concentration
of magnesium ranges from 0 to 15 mM. These dissolution experi-
ments were conducted at ambient laboratory temperature and in aque-
ous solutions with an ionic strength of 0.3M via the addition of an
inert salt, KNO;. The slope of the linear fit line is 3.4 (+ 0.25) x 1078
mol? dm~, Pearson’s = 0.991. In terms of the significance of Pear-
son’s r values, a value of 1 means a perfect positive correlation
between the model and observations and a r value of 0 means no lin-
ear dependency between the model and observations

mass transport control rather than thermodynamic control
although the influence of the solubility product, K, is clear.
Note also that, the rate of dissolution of coccoliths (CaCO;
biomineralized by phytoplankton) show excellent agreement
with that of similarly sized pure, laboratory grown calcite

over concentrations of Mg?* relevant to the ocean®.

Conclusions

This work suggests that the reduction in rates of dissolution
(and precipitation) as a result of surface adsorption reflects
the fraction of the surface not covered with adsorbate regard-
less of whether surface or mass transport control operates
and whether the transport is diffusive or convective. It likely
applies to all solids where the adsorption is strong as in
Langmuir adsorption for example. This requirement implies
that there is no adsorption/desorption of the adsorbate on
the timescale of the dissolution/precipitation. The need for
exploring surface adsorption effects in modelling the behav-
iour of solid particles in ocean and other aqueous chemistry
is evident.
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