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ABSTRACT: We demonstrate how combined in-situ measure-
ments and finite element method modeling can provide new
insight into the relative contribution of mass transport to the
growth of calcium carbonate on two model surfaces, glass and gold,
under high-supersaturation conditions relevant to surface scaling.
An impinging jet-radial flow system is used to create a high-
supersaturated solution at the inlet of different cells: an optical
microscope cell presenting a glass surface for deposition and quartz
crystal microbalance (QCM) and in-situ IR spectroscopy cells,
both presenting a gold surface. The approach described is
quantitative due to the well-defined mass transport, and both
time-lapse optical microscopy images and QCM data are analyzed
to provide information on the growth kinetics of the calcite
crystals. Initially, amorphous calcium carbonate (ACC), formed in solution, dominates the deposition process. At longer times, the
growth of calcite is more significant and, on glass, is observed to consume ACC from the surface, leading to surface regions depleted
of ACC developing around calcite microcrystals. On Au, the mass increase becomes linear with time in this region. Taken together,
these microscopic and macroscopic measurements demonstrate that calcite growth has a significant component of mass transport
control at high supersaturation. Finite element method (FEM) simulations of mass-transport-limited crystal growth support the
strong mass transport contribution to the growth kinetics and further suggest that the observed growth must be sustained by more
than just the Ca2+ and CO3

2− in solution, with dissolution/direct attachment of ACC and/or ion pairs also contributing to the
growth process.

1. INTRODUCTION
Calcium carbonate deposition is of primary importance in the
fields of chemistry (including industrial and commercial
applications),1 geochemistry,2 and the life sciences,3 and
much effort has been made to understand its nucleation4,5

and subsequent growth kinetics. It is now known that the
initial nucleation and orientation of calcium carbonate crystals
is controlled to some degree by lattice match and stereo-
chemistry,6 hydrophobicity,7 surface energy,8 and surface
charge,9 although deconvoluting their relative importance
remains a challenge. The subsequent growth of crystals is
generally assumed to be controlled by surface kinetics (as
opposed to diffusion), based on early seeded growth
studies10−12 (although mass transport is acknowledged to
play a role in growth in porous media).13 Later work using
atomic force microscopy (AFM) reported the surface kinetics
of calcite crystal growth, emphasizing the difficulty in
formulating detailed kinetic laws for macroscale behavior

without knowledge of the underlying microstructure.14

However, more recent microfluidics experiments on single
calcite microparticles show much higher growth rates than
either AFM or seeded experiments at equivalent super-
saturation, a discrepancy attributed in part to differences in
mass transport between the techniques.15 Subsequent re-
evaluation of surface concentrations in AFM, derived from
reported critical step lengths, with supporting finite element
method (FEM) simulations, highlights that mass transport is
an important factor, and there is a strong concentration
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gradient (boundary layer) for calcite growth under some
conditions.16

Often, transport effects are assumed to be absent based on
the apparent independence of crystal growth on rates of forced
convection;10,14 however, the concentration boundary layer
(CBL) thickness is not a linear function of convection rate, and
a limiting boundary layer, and hence mass transport limitation,
can persist even under high convection rates.16,17 A relatively
straightforward, yet underused, method to elucidate surface
kinetic control versus diffusion control is to examine growth
rate as a function of time. Pure surface control depends on the
crystal surface area, and as such the mass growth rate (as
opposed to step or edge velocity) in this scenario will increase
as a cubic function of time, t3. Deviations from this behavior,
especially a constant mass growth rate, indicates that other
factors must be contributing to the rate. Indeed, the mass
transport regime will change during the significant growth seen
at high supersaturations, as diffusion fields will be localized to
widely spaced (small) crystals but then overlap so that bulk-
convection-diffusion will then control the transport rate. Many
studies of calcite deposition make use of flow-through cells to
maintain constant bulk conditions,13,15,18−22 and while the
effects of flow rate are sometimes considered (usually to find
the point of flow rate independence), the time dependence of
growth is rarely assessed. Exceptionally, studies using the
quartz crystal microbalance (QCM)22−25 directly measure
deposited mass as a function of time, although little is made of
the time dependence in kinetic analyses.
Here, we analyze the deposition and growth of calcium

carbonate at high supersaturation as a function of time, under
the well-defined mass transport of an impinging jet-radial flow
cell, with three different methods: optical microscopy, infrared
spectroscopy, and quartz crystal microgravimetry. We then
compare the measured growth rates with numerical simu-
lations of mass transport to understand its contribution under
various scenarios. Significantly, we show that even under
conditions of efficient solution mixing and delivery, and with a
reservoir of amorphous precursors on the surface, calcite
growth rates can show considerable mass transport control.
This behavior has important implications: mass transport
phenomena and concentration gradients will be much more
widespread than previously recognized. The approach we
describe is widely applicable and should be of use to further
understand the relative importance of mass transport in the
deposition and growth of numerous other mineral systems.4,26

2. MATERIALS AND METHODS
2.1. Chemicals. Solutions with total calcium ion concentration,

[Ca2+]T = 20 mM, and total carbonate (all species considered),
[CO3

2−]T = 10 mM, were prepared by dissolving, respectively, CaCl2·
2H2O (Sigma ultra, 99%) and NaHCO3 (BDH, AnalR 99.5%) salts in
Milli-Q grade water (Millipore Corp., 18.2 MΩ cm at 25 °C). NaOH
(1 M) (Fisher Scientific, 97%) was added to the carbonate solution to
increase the pH to 10.50 ± 0.05. The pH (10.50) and concentrations
of carbonate and calcium were chosen to obtain CO3

2− as the limiting
species for deposition (i.e., Ca2+ in considerable excess). The
solutions were prepared and used as quickly as possible to minimize
the exchange of CO2 with the atmosphere and satisfy the assumption
of a closed system.
2.2. Supersaturation Calculations. The nominal free ion

concentrations of the as-mixed, unreacted, solutions were calculated
using PHREEQC Interactive (v 3.4)27 with relevant values shown in
Table 1. The simulations considered a closed system at 22 °C and
neglected the contribution of atmospheric CO2, due to its low

concentration. Under these assumptions, the pH of the solutions
before adjustment and the amount of NaOH added to reach pH 10.50
agreed well with the experimental values, providing confidence in the
model used.

The supersaturation, S, with respect to a solid CaCO3 phase with
the solubility product, KSP, is defined as

S
a a

K
Ca CO

SP

2
3
2

=
+

(1)

where ai is the activity of species i and is calculated from the
concentrations using the Davies equation with an ionic strength of
3.12 × 10−2 mol dm−3. Supersaturation with respect to a range of
CaCO3 polymorphs can then be calculated (Table 2).

2.3. Flow Measurements. Solutions were flowed through the
system using a dual drive syringe pump system (Kd Scientific mod.
200, B−D plastic syringes, 60 mL) and mixed in a home-built T-mixer
(Figure 1a), with all wetted parts after the mixer constructed from
PTFE to avoid heterogeneous nucleation of CaCO3. The system
provided a constant flow rate (tested in the range of 0.5−1.5 mL
min−1 for each channel) over long time periods with an error of 0.5%
measured, before and after the mixer. At a total flow rate of 2 mL
min−1 (i.e., 1 mL min−1 for each channel), as used herein, the time for
the solution to reach the reaction cell of interest was measured as ∼22
s, and the mass transport coefficient, kT, found from FEM simulations
(vide inf ra) was 1.59 × 10−5 m s−1 (averaged across the whole
surface) or 4.82 × 10−5 m s−1 (directly underneath the nozzle). This
compares to a mass transport rate for a diffusionally isolated
microcrystal, kT ≈ D/r, where D ≈ 10−5 cm2 s−1 is the diffusion
coefficient of carbonate (vide infra for the precise value), and r (∼5
μm) is the typical crystal dimension at short times, ca. 2 × 10−4 m s−1.

The optical and QCM flow cells were characterized predominantly
by impinging jet hydrodynamics (under the nozzle) with a transition
to radial flow to the outlet and were designed to have the same
geometry, with a 1.5 mm thickness, to obtain similar mass transport
and deposition conditions. Between experiments, the solution delivery
system was carefully rinsed by flowing through sequentially 120 mL of
water, 120 mL HCl solution (pH 3), and 120 mL of water. The PTFE
flow cells were kept in acidic solution for 30 min and thoroughly
rinsed with water, before and after each experiment.

For in-situ optical microscopy investigations, where the foreign
substrate was glass, the PTFE flow cell (Figure 1b) was designed to sit
on an upright microscope stage (Leica DM4000 M with a CCD
camera DFC490), and the focus centered on the glass surface in a
position aligned with the nozzle outlet. To make measurements, the
cell was first filled with water, then the supersaturated solution was

Table 1. Nominal Concentration of Ca2+ and CO3
2−

Containing Species in the Mixed Solution

species concentration (mol dm−3)

Ca2+ 7.233 × 10−3

CO3
2− 8.325 × 10−4

CaCO3
0 2.698 × 10−3

CaHCO3
+ 6.259 × 10−5

NaCO3
− 6.132 × 10−5

NaHCO3
0 4.771 × 10−6

CaOH+ 6.637 × 10−6

Table 2. Solubility Product and Supersaturation with
Respect to a Range of CaCO3 Polymorphs

phase KSP (mol2 dm−6) S

calcite28 3.47 × 10−9 22
aragonite28 4.79 × 10−9 19
vaterite28 1.3 × 10−8 12
amorphous CaCO3 (ACC)

29 3.8 × 10−8 7
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flowed at 2 mL min−1 for a preset time, and images were recorded
typically every 5 s (a total of 200 images taking 1000 s) using dark
field microscopy to enhance the observation of crystal shape. Images
shown in the Supporting Movie (duration 1000 s) were processed in
ImageJ using a bandpass filter (2 pixels < passband <50 pixels), and
the color table of the darkfield images was inverted for clarity. At the
end of an experiment, the cell was filled with air, and the glass
substrate was quickly taken off and rinsed with acetone and dried with
nitrogen for further analysis. The glass substrates were cut in two
pieces through the center and used, respectively, for micro-Raman
spectroscopy and field emission scanning electron microscopy (FE-
SEM, Zeiss SUPRA 55 VP FE-SEM) imaging (after gold coating).

For QCM studies, using a CHI400 EQCM (CH Instruments), the
PTFE cell (Figure 1c) accommodated a gold-coated quartz QCM
crystal in the center underneath the nozzle outlet. Fresh gold-coated
quartz crystals were cleaned sequentially before use using water,
chloroform, and acetone, and then blown dry with nitrogen.
Experiments followed a similar procedure to that for in-situ optical
microscopy, but CaCO3 deposition was monitored via the quartz
crystal resonant frequency recorded as a function of time and then
converted to mass deposited on the crystal surface using the
Sauerbrey equation:30

f
f

A
m

2 0
2

q q

=
(2)

where Δf is the variation of frequency, Δm is the change in the mass
deposited, f 0 is the resonant frequency of the crystal (∼7.995 MHz),
A is the area of the gold disk coated onto the quartz crystal (0.205
cm2), μq is the shear modulus of the quartz (2.947 × 1011 g cm−1 s−1),
and ρq is the density of the quartz (2.648 g cm−3). After experiments,
the cell was emptied by flowing in air, and the QCM probe was
removed and used for FE-SEM imaging (after gold coating).

The ATR-IR cell (Figure 1d) was 3D printed in clear methacrylate
resin (Form Labs, USA) and set on a Si optic (Universal ATR crystal,
IRUBIS GmbH), coated with 3.5 nm Ti and 20 nm Au, and mounted
on a Veemax III specular reflection accessory in a Vertex 70v FTIR
spectrometer (Bruker) with an MCT detector. For in-situ ATR-IR
measurements, a spectral collection was started with the cell dry
before the solutions were flowed into a mixer tee connected directly
to the flow cell at a rate of 1 mL min−1. Each spectrum consisted of 32
scans coadded to give a time resolution of 15 s. The final data set was
generated by averaging four spectra and using the first spectrum as a
background. Peak fitting was carried out in OriginPro using Gaussian
peak shapes.
2.4. Finite Element Method Modeling. Mass transport in the

flow cells was modeled in COMSOL (v5.6) using the Transport of
Dilute Species and Laminar Flow modules. Where used, concen-
tration boundary conditions were calculated in PHREEQC.27

3. RESULTS AND DISCUSSION
3.1. Visualization and Analysis of CaCO3 Deposition

by in-Situ Optical Microscopy. First, dark field imaging was
used to follow CaCO3 deposition onto glass slides. Solutions of
20 mM CaCl2 and 10 mM NaHCO3 were mixed and flowed
over a microscope slide, while time-lapse images were recorded
(Figure 2). The images (combined into a Supporting Movie)
show the rapid appearance of rhombohedral crystals
(consistent with calcite, as confirmed by micro-Raman,
Supporting Information, section S2) as well as smaller flocks
of material over the glass surface, consistent with either ACC
or vaterite nanoparticles. At the high supersaturation used,
ACC is likely to form instantly via spinodal decomposition,31,32

with the flow then transporting the ACC to the surface where
it may attach and transform into vaterite and/or calcite. At
later times (after ∼800 s), the ACC nearby the calcite crystals
starts to dissolve, for example, in the regions labeled “a” and
“d” in Figure 2. This process is initially quite subtle, but as the
calcite crystal size increases, surface depletion of ACC becomes
more significant and is clearly visible in the time-lapse
Supporting Movie. Evidently, the growing calcite crystals
consume material at such a rate that, at the glass/solution
interface, the solution becomes undersaturated with respect to
ACC, driving its dissolution. Enhanced growth of faces
pointing into the flow field is also seen, particularly at longer
times where the crystal is larger, manifesting as distortions to
the otherwise regular rhombohedra. This indicates that
convection augments mass transport and that its contribution
generally increases with distance above the macroscopic
substrate, in line with the velocity profile for laminar flow
over a surface (although the crystals will, of course, distort the
flow).
The fact that ACC dissolution at the surface occurs mainly

in regions where there are also calcite crystals indicates there is
a strong concentration gradient around the calcite crystals in
those regions, with the calcite crystals acting as a sink for
calcium carbonate. It is even more striking that this occurs
despite the continued flow of solution from the bulk, which
will be at equilibrium, or even supersaturated, with respect to
ACC (as confirmed by the continued growth of ACC deposits
in regions far from calcite). Thus, under the prevailing
conditions, calcite growth kinetics is sufficiently fast to lead
to depletion of calcium and carbonate from solution at the
crystal surface and therefore introduces a strong component of
mass transport control into the ACC-calcite transformation
and growth process. To address this aspect more quantita-

Figure 1. Schematic of the solution delivery system and flow cells
used. (a) Solution path, (b) microscopy flow cell, (c) QCM flow cell,
and (d) ATR-IR flow cell. Red lines indicate the solution direction.
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tively, the growth rates of individual calcite crystals were
analyzed.
Heterogeneous nucleation and growth of calcite normally

occur on the more stable (10.4) surface,33 and the calcite
crystals formed on the glass surface show this characteristic,
with 5 (10.4) planes exposed to the solution. The surface
coverage of calcite crystals formed in the initial nucleation/
growth process was 2.3 ± 0.2 × 104 cm−2. The second
nucleation stage produced only a few extra crystals, 6 ± 2 ×
103 cm−2, giving a total of 2.9 ± 0.3 × 104 cm−2.
To estimate the growth rate, three crystals with a well-

defined rhombohedral shape growing from the (10.4) surface
were chosen, and their dimensions were evaluated as a function
of time. The measurements were made for times greater than
250 s when the crystals were sufficiently large to measure the
dimensions with reasonable precision. The volume of the
growing crystals was calculated from the relation V = dmaj

3 ×
0.0893 (where dmaj is the major diagonal; see SI section S1,
Figure S1). Converting the volume into moles and multiplying
by the observed crystal density on the substrate give the
approximate amount of CaCO3 deposited over time, ΓCaCOd3

(Figure 3).34 The deposition rate (flux) gradually increases
over time, which is broadly consistent with the t3 dependence
expected for surface kinetics controlled growth with a constant
flux (red line, Figure 3). In this regime, mass transport rates are
high to small isolated microcrystals, and so surface kinetics
may be expected (vide supra). The deposition rate reaches a
limiting value in the final ca. 300 s, described by a linear flux,
1.25 ± 0.03 × 10−9 mol cm−2 s−1 (blue line, Figure 3, Table 3).

In this regime, there is increasing diffusional interaction
between neighboring crystals, and mass transport control is
well described by macroscopic convection-diffusion, as
confirmed by simulations of the expected flux to the substrate
using FEM (vide inf ra).
3.2. ACC-Calcite Transformation. To track the ACC-

calcite transformation process in more detail, both calcite and
ACC were deposited on the glass substrate following the

Figure 2. Time-lapse images recorded with the in-situ optical microscopy set up at 50, 225, 500, 600, 800, and 990 s. Regions labeled “a” highlight
the initial heterogeneous nucleation of calcite. Regions labeled “b” and “c” indicate phase change nucleation, and regions marked “d” show
depletion. The Supporting Movie, from which these frames are taken, is supplied separately.

Figure 3. Estimated crystal size over time evaluated from in-situ
optical images.
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previous protocol, but after 725 s of deposition the flow was
stopped, and time-lapse images were recorded (Figure 4).

Using this procedure, the ACC dissolution process is
accelerated compared to the previous experiment in which
fresh material was continuously delivered to the surface by
flow. Without fresh solution flow, calcium and carbonate taken
up by the growing calcite crystals are depleted rapidly. When
an undersaturated solution with respect to ACC is attained,
dissolution of ACC commences, initially close to the calcite
crystals then gradually across the whole surface. The time-lapse
images show that areas of the surface of circular shape become
clear of ACC, with a calcite crystal at the center. This pattern is
typical of a diffusive process to a microscopic object.35

3.3. CaCO3 Deposition on Au. The CaCO3 deposition
process was also investigated on a Au-coated QCM chip. The
same procedure was used to mix CaCl2 and NaHCO3 and
direct the resulting solution toward the surface. The change in
frequency of the QCM chip over time was converted into
adsorbed mass using the Sauerbrey equattion (eq 2), which
could then be converted into the amount of CaCO3 deposited,
ΓCaCOd3

(Figure 5). As with the optical measurements on glass,
at first (t < 100 s) the overall flux to the surface is rather low

but increases with time, and at longer times a constant flux is
attained (indicated by the dashed red line). This situation was
reached after ∼400 s, and the gradient thereafter (3.5 ± 0.1 ×
10−9 mol cm−2 s−1) is the overall flux to the QCM probe
surface, similar to the analysis of optical images of CaCO3 on
the glass surface.
The density of crystals on the Au surface was measured via

SEM (Figure 6) and was determined as 2.3 (±0.2) × 105 cm−2

at the position directly under the nozzle and 1.9 (±0.2) × 105
cm−2 at the substrate edge. The majority of particles were
rhombohedral, indicative of calcite, although a few more
spherical particles, indicative of vaterite, were observed (Figure
6c). These densities are an order of magnitude larger than on
glass and, although not the primary focus of this study, are
consistent with the greater persistence of ACC (i.e., slower
nucleation of calcite) previously observed on more hydrophilic
substrates (including glass above).7 The higher density of
crystals also explains the weaker time dependence seen on Au
compared to glass, as the greater crystal density leads to an
earlier transition to bulk mass transport limitation. The small
spatial variation in density is a result of the constant
supersaturation across the substrate at the early stage of the
experiment (where solution will only become slightly depleted
in soluble calcium carbonate and ACC) due to the constant
flow of solution, which ensures a similar initial driving force is
experienced over the whole substrate, resulting in a relatively
uniform crystal number density. However, it is important to
point out that although the crystal density is uniform across the
surface, there is a significant variation in size at the end of the
experimental run, with microcrystals at the edge being smaller,
indicative of more severe mass transport limitations, as a result
of the nonuniform flux from an impinging jet. This aspect will

Table 3. Measurements from in-Situ Growth Experiments

substrate
crystal density

(cm−2)

limiting growth
rate/crystal

(10−14 mol s−1)

limiting flux of CaCO3
to substrate surface
(10−9 mol cm−2 s−1)

glass 2.9 ± 0.3 × 104 5.5 ± 0.2 1.25 ± 0.03
gold 2.3 ± 0.2 × 105

(center)
3.5 ± 0.1

1.9 ± 0.2 × 105
(edge)

Figure 4. Time-lapse pictures recorded with the in-situ optical
microscopy set up. ACC dissolution process in the presence of
overlap of the diffusion field for two closely spaced growing calcite
crystals (a) and for a single growing calcite crystal (b).

Figure 5. Deposition of calcium carbonate, using the QCM flow cell
set up, as a function of time. The red dashed line shows the limiting
behavior for a constant flux that characterizes the deposition process
at longer times.

Figure 6. FE-SEM images of the QCM crystal after deposition. The
images were taken underneath the nozzle (a) and at the edge of the
gold-coated surface (b). Deposits were predominantly rhombohedral
calcite, but a few more spherical particles, likely vaterite, were
observed (c).
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be addressed later in simulations of mass transport and
concentration profiles.
To provide further insight into the speciation near the Au

surface during deposition, in-situ ATR-IR spectroscopy using a
Au-coated Si optic was performed (Supporting Information,
section S3).36,37 As before, the calcium and carbonate solutions
were mixed and flowed over the Au-coated ATR-IR crystal for
15 min before the flow was stopped while growth continued.
Focusing on the ν2 mode to discriminate between ACC (863
cm−1) and the anhydrous polymorphs (ca. 873 cm−1),37 the
spectra in Figure 7a, reveal the rapid emergence of a broad

peak at 863 cm−1 (fwhm ca. 25 cm−1), which then narrows and
shifts to 873 cm−1 (fwhm ca. 12 cm−1). Peak fitting allows the
overlapping contributions to be separated and confirms that
the 863 cm−1 peak forms fastest but then decays over time and
is replaced by 873 cm−1 (Figure 7b). This is consistent with
the initial formation or attachment of ACC at the surface,
followed by transformation to either calcite or vaterite. While
the lower wavenumber region, usually the most diagnostic for
CaCO3 polymorphs, is accessible in situ, the weak nature of
the ν4 vibration means that no peaks are visible in this region,
and so further deconvolution to vaterite or calcite is not
possible.
3.4. Mass Transport Simulations. To probe the origin of

the observed constant flux of calcium carbonate at the
substrate at longer times, evident in both the optical and
QCM measurements, the mass transport regime of the crystal
deposition process was simulated using the finite element
method (FEM). This methodology allows realistic modeling of
both convection and diffusion in the particular geometry of the
flow cell used, in contrast to previous studies which were
limited to diffusion in one dimension,38 and is facilitated by the
flow cell design which establishes well-defined mass transport
across the substrate. The CO3

2− diffusion-limited flux at a
calcite microcrystal surrounded by ACC in a flow field flow
was estimated considering two inlet solution compositions: (i)
negligible reaction on mixing, with speciation determined only
by solution phase species and (ii) equilibration with ACC
upon mixing.39 Mass transport was solved for using the
convection-diffusion equation (eq 3), where c is the
concentration of CO3

2−, and D is its diffusion coefficient
(0.955 × 10−5 cm2 s−1).27 The solution velocity, u, was given

by the incompressible Navier−Stokes equation (eq 4), where p
is the pressure, and ρ and η are the density and dynamic
viscosity of water, respectively.

D c cu 02 + · = (3)

pu u u2· = + (4)

Boundary conditions for eq 3 were chosen to represent the
long-time growth regime (e.g., after ca. 700 s), where calcite is
surrounded by ACC on the surface (see above). Since we are
seeking a general estimate of the flux and processes that occur
under the selected conditions, the calcite crystal (boundary 9)
is represented as a cylindrical disk, radius rcalcite, at the center of
the substrate, so that the system takes on a simple
axisymmetric cylindrical geometry, allowing it to be
represented by a 2D geometry with a planar substrate (Figure
8a,b). A constant surface CO3

2− concentration, c = c*calcite,

given by the concentration of the inlet solution after
equilibration with calcite (Table 4), as evaluated in
PHREEQC, was applied (corresponding to diffusion-limited
growth). Referring to Figure 8a,b, this region was surrounded
by a depletion zone equal to rcalcite and described by a no flux
boundary condition (boundary 8). In turn, this was

Figure 7. In-situ IR spectra (a) and fitted integrated intensities (b)
showing appearance of the ν2 mode from ACC (red) and then vaterite
(black) over time.

Figure 8. FEM simulation of convection-diffusion in flow cells.
Rcalcite,glass = 7.5 μm. Inlet equilibrated with ACC. (a) Relationship
between flow cell and FEM domain, (b) enlargement of FEM domain
with boundaries labeled, with simulated velocity magnitude overlaid,
(c) CO3

2− concentration, (d) enlarged region of (c) showing calcite
and ACC regions. Flux direction marked with streamlines. Note that
(c) is reflected in the vertical axis relative to the geometry of (a), (b),
and (d).

Table 4. CaCO3 Phase Surface Boundary Conditions

CaCO3 phase

species ACC calcite

CO3
2− 20.1 μM 1.83 μM

Ca2+ 6.28 mM 6.18 mM
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surrounded by a ring of ACC, with a thickness of 0.1rcalcite
(slightly smaller than experimentally observed patches to
account for it being continuous, boundary 7) and a constant
CO3

2− concentration, c = c*ACC, given by the concentration of
the inlet solution after equilibration with ACC (Table 1). This
was followed by another depletion zone equal to rcalcite
(boundary 6) and finally a semi-infinite layer of calcite
(boundary 5, Figure 8a) to simulate the average flux to the
remaining surface. Boundary conditions for eq 4 were as
follows: fully developed laminar flow consistent with a volume
flow rate of 2 mL min−1 at boundary 1, zero pressure at
boundary 4, no normal velocity at boundary 10, and zero
velocity (“no slip”) at all other boundaries.
The experimental flux measured for both the glass and gold

substrates lies toward the simulated value for unreacted inlet
conditions (Table 5), which yields the maximum mass

transport-limited flux at the substrate surface. This analysis
thus confirms that mass transport is very important in
determining the growth rate of calcite in this system. The
simulations also provide an explanation for the variation in
particle size seen over the Au surface. Figure 8c shows the
steady-state CO3

2− concentration gradient over the surface
when the inlet solution was equilibrated with ACC, as an
example, where consumption of material across the substrate
leads to increasing depletion at larger radial distances. This
depletion leads to an increasing CBL, a lower flux, and hence
smaller crystals, at the edges of the substrate. We note that at
early times, before significant deposition, depletion will be
minimal, and so uniform nucleation (and therefore particle
density) is observed. The higher crystal density observed on
the Au substrate is also consistent with the earlier onset of
transport-limited (constant) flux seen on Au (tons, Au ≈ 350 s)
compared to glass (tons,glass ≈ 700 s).
These results show that the deposition of CaCO3 on surfaces

is a complex, time- and substrate-dependent process, strongly
influenced by mass transport. The process consists of three key

regimes, illustrated in Figure 9: (1) Formation of ACC in
solution by spinodal decomposition,31 and uniform nucleation
of calcite with little perturbation of the surrounding solution.
(2) Growth of calcite and deposition and continued
aggregation of ACC. (3) Dissolution of ACC already on the
surface, and of incoming aggregates, in the vicinity of calcite,
but continued ACC aggregation in other areas. This deposition
of ACC and growth of calcite agrees well with previous reports
of CaCO3 deposition on SiNx membranes39 and self-assembled
monolayers21 in quiescent solution. However, the continued
supply of solution in the present case enables further
conclusions to be drawn. The absence of ACC deposition
inside the depletion zone surrounding each calcite crystal, even
when deposition occurs away from calcite, implies that ACC
dissolution in solution is sufficiently fast that complete
conversion back to the ions occurs in the short time between
entering the depletion zone and reaching the surface.
Alternatively, the measured fluxes are also consistent with
the direct attachment of incoming ACC particles to the calcite
crystal,40 which outcompetes deposition on the substrate. This
explains why the measured growth rates are reasonably
consistent with the transport-limited flux of unreacted calcium
and carbonate ions, as the inlet condition, rather than free ions
after equilibration, because the ACC produced upon mixing
and delivery (along with ion pairs) is a significant source of
Ca2+ and CO3

2−, by dissolution or direct attachment to calcite.
In general, the dominant regime will be highly dependent on
the system size, as well as ion concentrations and diffusivities;
an apparent absence of mass transport control is observed in
other matrices.41

4. CONCLUSIONS
We have shown how the use of well-defined hydrodynamics,
applied with complementary in-situ measurements and mass
transport modeling, can be used to understand the deposition
and growth of calcium carbonate on foreign surfaces.
Deposition occurs via the formation of amorphous calcium
carbonate (ACC) in solution, some of which is deposited on
the substrate (glass and gold), followed by transformation to
vaterite and/or calcite. Flux during deposition tends to
constant values at both substrates over time, broadly consistent
with mass transport control, showing that crystal growth is
strongly limited by the supply of material. In-situ visualization
reveals that this material, in part, comes from the initially
deposited ACC, as depletion zones develop around the
growing crystals. However, FEM modeling of the mass

Table 5. Simulated Limiting CO3
2− Fluxa

inlet condition

boundary unreacted ACC equilibrium

(B9) Rcalcite,Au = 3 μm 8.95 × 10−9 5.63 × 10−10

(B9) Rcalcite,glass = 7.5 μm 8.46 × 10−9 3.18 × 10−10

(B5) semi-infinite calcite 1.31 × 10−9 2.88 × 10−11

amol cm−2 s−1.

Figure 9. Schematic of calcite growth from ACC-saturated solution at three different stages in the deposition process (see text for details). CBL
indicates the concentration boundary layer.
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transport suggests that, for a solution in equilibrium with ACC,
dissolution of deposited ACC (in combination with free ions
in solution) is insufficient to support the observed growth rate
and that solution ACC must also contribute to growth, either
via rapid dissolution near less soluble calcite crystals or direct
attachment.
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