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Abstract

The intrinsic dissolution activity of the basal (010) and edge (001) surfaces of gypsum; and
polycrystalline calcium sulfate anhydrite crystals has been investigated, under far from
equilibrium conditions, via the channel flow cell (CFC) method with off-line inductively
coupled plasma-mass spectrometry (ICP-MS) for the measurement of dissolved Ca®* from the
crystal surface. This approach allows measurements to be made over a wide range of flow
rates, so that the importance of mass transport versus surface kinetics can be elucidated.
Complementary quantitative modeling of the dissolution process was carried out by
formulating convective-diffusive equations which describe mass transport in the CFC, coupled
to a boundary condition for dissolution of the crystal surface. We found that a linear rate law
applied and intrinsic dissolution fluxes were deduced. The following dissolution fluxes, J, =
Kaiss X Ceq Were measured, where Kgiss i the dissolution rate constant and ceq the calcium sulfate
concentration in saturated solution: 5.7 (+1.4) x 10”° mol cm™ s* for basal plane gypsum and
4.1 (+0.7) x 10° mol cm? s for calcium sulfate anhydrite. Edge plane gypsum, under the
experimental conditions applied, was found to dissolve at a mass transport-controlled rate. The
effects of I-tartaric acid, d-tartaric acid and sodium trimetaphosphate (STMP) as important
potential additives of the dissolution process of basal plane gypsum were investigated. It was
found that the tartaric acids had little effect but that STMP significantly retarded gypsum
dissolution with J, = 1.6 (+0.6) x 10”° mol cm™ s (5 mM STMP solution). The mode of action

of STMP was further elucidated via etch pit morphology studies.



1 Introduction

Among the rock forming minerals, gypsum (CaSQO4.2H,0) and related calcium sulfate
materials such as the hemi-hydrate (CaS0O,4.0.5H,0) and anhydrite (CaSQ,), are abundant in
nature, with extensive deposits underlying an estimated 25% of the global surface. * CaSO,

2 and in numerous

minerals play an important role in the evolution of karst systems,
geochemical phenomena;> * they are also utilized extensively in metallurgical processes, > and
in construction and manufacturing. ® ” Furthermore, the formation of these minerals causes
significant scaling problems, particularly in petroleum technology. % ° Studies of
dissolution/growth kinetics and mechanisms are pertinent to all these areas in order to develop
knowledge and understanding of natural systems, and to optimize the use of CaSO, minerals in

technological applications. ** **

The dissolution of gypsum has been studied by many techniques, ranging from
macroscopic kinetic measurements on particulate systems, ** to high resolution microscopic
studies using atomic force microscopy (AFM). * A recent review by Colombani'* sought to
correlate various macroscopic kinetic measurements of gypsum dissolution in order to extract a
unified surface dissolution rate, by estimating the likely mass transport rates associated with
different techniques. An intrinsic surface dissolution rate constant into free solution (maximum
undersaturation at the crystal/solution interface) was deduced to be J, = 5+2 x 10 mol cm? s,
as the intercept of a reciprocal rate — reciprocal mass transport plot. Some confidence in this
assignment comes from the fact that the techniques surveyed included the rotating disc (RD)
method which delivers well-defined mass transport. However, in many cases, the techniques
used previously have been characterized by poorly defined and/or low mass transport
conditions making it difficult to assign surface kinetics from individual studies. Furthermore,

many previous investigations have employed polycrystalline material, so that different crystal
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faces, edges and corners are exposed to solution, which are likely to have different dissolution
characteristics. To further improve our understanding of dissolution kinetics, surface-selective
studies under well-defined mass transport conditions are imperative. Such studies are the focus

of this paper.

Calcium sulfate anhydrite dissolution has also been investigated, but not as extensively as
gypsum. Because the solubility of gypsum is less than that of anhydrite,’ reliable anhydrite
dissolution data may only be obtained under far from equilibrium conditions where the
concentration of dissolved products near the crystal surface, is below the saturation level with
respect to gypsum. * Higher surface concentration may lead to precipitation of gypsum on the
surface of the dissolving anhydrite crystal, thereby forming a protective layer which inhibits
further dissolution.>'® An early rotating disk (RD) study on polycrystalline anhydrite found a
rather high intrinsic dissolution flux of J, = 2 +1 x10® mol cm™ s™.1** However, subsequent
free drift batch investigations on particulates™® deduced much lower rates, J, = 5 +1 x10”° mol

cm™ s which have been corroborated by other studies.*

A further important aspect of crystal dissolution is the role of additives. This is of
particular relevance for CaSO, minerals (notably gypsum) used in construction, where
additives are used to passivate dissolution, so as to retard physico-chemical deterioration by
processes such as humid creep, caused by environmental factors such as rain water and
atmospheric pollutants.'” However, in contrast to calcium carbonate minerals, for example,

where the role of additives has been explored extensively,®*

relatively few gypsum
dissolution studies have considered the influence of additives. Such studies would be valuable
to elucidate the effect of additives on the durability and versatility of CaSO,-based materials, %
2! and so a further aspect of this paper is to examine the mode of action of key additives on

gypsum dissolution.



As highlighted herein, to understand mineral/liquid reaction Kinetics, experimental
techniques need to be able to quantitatively separate mass transport and surface Kinetic

22,23

effects™“° and ideally allow the study of well-defined surfaces. To this end, the channel flow

cell (CFC) method has proven particularly powerful for studying dissolution processes. 2% %
This technique typically involves locating the crystal substrate of interest flush in the base wall
of a rectangular duct through which solution flows under laminar conditions. Well-defined flow
allows accurate modeling of mass transport within the flow cell chamber. Furthermore, because
mass transport rates are controllable over a wide range, their influence on dissolution rates can
be elucidated quantitatively.?*?® The CFC method permits rate laws governing a dissolution
reaction to be proposed and tested by comparing experimental data to the predictions from
mass transport-chemical reactivity models.?** Hitherto, dissolution in the CFC method has

typically been monitored by the use of local electrochemical measurements®*%’

to provide in-
situ detection of the dissolution process. However, some types of electrodes, e.g. Ca®" ion
selective electrodes, are rather fragile and difficult to deploy in such cells.”® We address this

issue herein using a different approach for Ca®* analysis.

Most CFC designs comprise of two-part or three-part assemblies typically held together
with nuts and bolts, to produce channels, typically 40 mm in length, 6-10 mm across and 0.2-1
mm high.?” Such cells place some restrictions on sample size and the way in which crystal
materials are presented for study. We have recently introduced a new CFC design and
fabrication procedure using micro-stereo lithography (MSL) to produce radically miniaturized
one-part CFC units. ?° CFC units fashioned in this way eliminate awkward assembly (nuts, bolts
or adhesive sealants) and greatly reduce the cell volume, without compromising mass transport.
Indeed, a much wider range of mass transport rates can be implemented. The MSL-CFC is
assembled by simply placing a CFC unit on the substrate of interest and securing with light

pressure or even a thread!



Herein, we couple the CFC technique with off-line inductively coupled-mass spectrometry
(ICP-MS) for the measurement of dissolved Ca?* from the crystal surface, collected from the
CFC effluent, over a wide range of flow rates. This is effective because of the miniaturized
flow cell unit and short wash-out time of the cell (vide infra). For the purposes of quantitative
modeling, we formulate convective-diffusive equations for mass transport in the CFC, coupled
to a boundary condition for the crystal surface, which describes the dissolution process. In this
way, we are able to predict the outlet Ca®* concentration for analysis of experimental data.
Using this approach we provide intrinsic rates for the dissolution of the basal cleavage (010)
and edge (001) plane surfaces of gypsum, in order to elucidate any differences in magnitude for
the first time. Furthermore, we elucidate the effect of key additives on dissolution from basal
plane gypsum, in order to identify any kinetic influences and morphological effects. Finally, we
investigate the dissolution of polycrystalline anhydrite, to resolve the discrepancy in kinetics

highlighted above, and to further demonstrate the capability of the methodology.

2 Experimental

2.1 Samples

Natural gypsum single crystal samples (St Gobain Gyproc) were prepared by breaking
large selenite crystals into manageable pieces (~ 5 cm?) and cleaving along the (010) plane with
a sharp razor blade. Careful cleavage on this plane produced clean, fresh surfaces largely
devoid of macro steps. Polycrystalline anhydrite (UKGE Limited) and (001) edge plane
gypsum samples (exposed surface ~ 8 cm?) were embedded in epoxy resin moulds (Delta
Resins Ltd). These samples (anhydrite and edge plane gypsum) were first polished with silicon
carbide 4000 grit paper (Buehler) and further on a pad with 6 um diamond spray (Kemet Int

Ltd) followed by thorough rinsing in ultrapure H,O. For each experiment, a fresh surface was



fashioned by polishing the surface of the embedded crystal. Surfaces were etched before studies

(vide infra) to endure a contaminant-free surface.

2.2 Solutions

All solutions were prepared using ultrapure water (Milli-Q Reagent, Millipore) with a
typical resistivity of 18.2 MQ cm at 25°C. Most experiments were run in ultrapure water, but
some measurements were made in 5 mM solutions of the additives of interest (Figure 1); these
were sodium tri-metaphosphate (STMP), d-tartaric acid and I-tartaric acid (all from Sigma). In
addition, a solution of 0.03 M KNOj3 (Sigma) was used as an ionic strength match in some
experiments for comparison to the 5mM STMP solution. lonic strength and chemical speciation
were calculated using the numerical code MINEQL+ (Environmental Research Software
Version 4.5).% Table 1 summarizes all additive solutions used, with the input concentrations,
and resulting pH and ionic strength values. The Davies equation was used to calculate the
activity coefficients for each solution.®! The solubility products (Ksp) of gypsum and anhydrite

were 3.14 x 10® and 4.93 x 10 respectively."

2.3 Sample preparation and surface roughness determination

An important consideration in dissolution studies is the initial surface morphology or
roughness and how this changes during the course of the reaction. Several studies have
attempted to establish a consensus on an appropriate way to normalize dissolution rates for
studies where the surface area changes. * We addressed this issue by initially etching samples
with the expectation (validated, vide infra) that they would maintain a constant specific surface
area during the course of dissolution. Thus, prior to CFC experiments, each sample was etched
in a large volume (> 500 cm®) of ultrapure H,O at 22 +1 °C in a beaker stirred with a magnetic
flea. After ~30 min, the sample was withdrawn and immediately dried with a strong burst of N,

gas (BOC). By etching the surface before CFC studies, we produced surfaces with a roughness



factor, A (specific surface area/geometric area) mostly close to unity, but occasionally several
times larger, depending on the sample (vide infra). An early study by Bruckenstein® found that
mass transport to a rotating disk electrode (RDE) for a large dynamic range of rotation speeds
was unaffected by values up to 7.5. Since the RDE and the CFC have similar mass transport

rates, 2%

it was reasonable to assume that the sample preparation procedure used would not
significantly perturb mass transport in the CFC. To determine A for the different etched
substrates, surface area measurements were made using white light interferometry (WLI),
(WYKO NT-2000 Surface Profiler, WYKO Systems) and analyzed via the scanning probe

image processor (SPIP™ Image Metrology, version 5.1.0).

2.4 Dissolution Procedure

The basic CFC design and fabrication procedure was similar to that described previously,?
but the CFC unit incorporated a mixer section in the outlet to ensure a well-mixed solution for
analysis. Figure 2 shows: (a) the CFC unit schematically in cross-section with the mixer in the
outlet; and (b) a photograph of a finished channel unit. The geometric area of the crystal
exposed to solution was determined by the internal channel dimensions: the width, w, was 4
mm and length, I, was 10 mm. The channel height (2h) was determined via WLI to be 210 £10
pum. The channel was assembled by simply applying light pressure on the channel unit, placed
on the crystal substrate of interest. Inlet and outlet pipes (PVC, 0.318 cm inner diameter and
0.635 cm outer diameter, St Gobain Plastics) were connected directly to the cell by push-fitting
to a syringe pump using Omni-fit adapters (Bio-Chem Fluidics). The syringe pump was from
KD Scientific and was equipped with a 50 ml syringe (BD Plastipak, luer-Lok) with a 22 mm
inner diameter. This was used to drive solution into the assembled cell. Dissolution
experiments took place at flow rates (V;) in the range 0.008 — 0.167 cm® s™*. This corresponds to

a maximum contact time of ~1 s for solution within the part of the channel above the crystal at



the lowest flow rate. Thus, it was possible to change flow rate and make measurements very

easily over a wide range. All CFC measurements were made at 22 £1 °C.

Aliquots (5 cm?®) of the effluent were collected at intervals for the range of flow rates used.
Trace element analysis of dissolved Ca®* was carried out on the aliquots via ICP-MS (7500
Agilent), in order to determine the flow-rate dependent outlet concentrations. A Ca standard
(1g/dm® Fluka, analytical grade) was used to prepare solutions for the calibration curves needed

for the quantification of Ca®* in each aliquot.

3 Mass Transport and Kinetic Modeling

Numerical simulations were performed on a Dell Intel core™ 2 Quad 2.49 GHz computer
equipped with 8GB of RAM and running Windows XP Professional X64 bit 2003 edition.
Modeling was performed using the commercial finite element modeling package Comsol
Multiphysics 3.5a (Comsol AB, Sweden), using the Matlab interface (Release 2009b)
(MathWorks Inc., Cambridge, UK). Simulations were carried out with >51,000 triangular mesh
elements. Mesh resolution was defined to be finest around the bottom plane of the channel, i.e.
in the vicinity of the surface of the crystal substrate where the concentration gradient was
steepest. Simulations with finer meshes were carried out (not reported) to confirm the mesh
was sufficiently fine to ensure the predicted solutions were accurate (better than 0.01%

variance).

3.1 Theory

The channel was simulated as a 2D cross-section along the channel length (1) as illustrated
in Figure 3(a). Because w » h, edge effects in the w direction were neglected, to render a 3D

model unnecessary.



3.1.1 Hydrodynamics

The incompressible Navier-Stokes equations for momentum balance (eq 1) and continuity

(eq 2) were solved under steady-state conditions for the cross-sectional domain shown in

Figure 3(a).
pV-VV =-Vp+nV?V (1)
V-V=0 (2)

where p is the density of the solution (1.00 g cm™ was used, as for water), V is the velocity
vector (with components u and v in the x and y directions, respectively), p is the pressure, 7 is
the dynamic viscosity assumed to be 1.00 mPa s, V is the vector differential operator and V°

is the vector laplacian operator.

The hydrodynamic behavior within the channel cell, as described by the incompressible
Navier-Stokes equations, was solved for the following boundary conditions, where the

boundaries are defined in Figure 3(a):

boundaries 1, 2 and 4 — 7: u=0,v=0 3)
Vf
boundary 3: u=0,v=- 4)
WXch
boundary 8: n-nv?Vv=0 (5)

where X, is the channel height at the inlet (length of boundary 3, 0.5 mm), n is the vector

normal to a particular boundary. The condition on boundary 3 (eq 4) is plug flow into the cell.
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3.1.2 Convective-Diffusive Mass Transport

Once the velocity components u and v within the CFC had been determined, the local
velocity vectors were used in the solution of the convective-diffusion equations, to predict the
concentration distribution in the cell, and especially in the region of the outlet. The convective-

diffusion equation was solved under steady-state conditions:
DV?c -V-Vc =0 (6)

where D; is the diffusion coefficient of the species of interest, i, and c; is the concentration
of species i. Since the two dissolving species have similar diffusion coefficients (0.792 x 107
cm?®s? and 1.065 x 10° cm?s™ for Ca®* and SO42, respectively, at infinite dilution), the mean
diffusion coefficient was used for the purposes of simulations, thereby facilitating the solution
for one species only. This is appropriate given that the studies were for stoichiometric
dissolution into a medium comprising little or no additional electrolyte. The following

boundary conditions applied to the flow cell:

boundaries 1, 4 — 7: n-N=0 @)
boundary 2: N-N=Kky.(Cq—C) (8)
boundary 3: c,=0 9
boundary 8: n-(-bD,vc)=0 (10)

where n is the vector normal to a particular boundary, N is the outward vector flux of
species, kqiss 1S @ heterogeneous rate constant and cq is the equilibrium concentration for the
solid/saturated solution, when bulk ionic strength effects due to any added dissolved salts are
taken into account. Herein, we used Ceq = 11 mM (gypsum) and 16 mM (calcium sulphate

anhydrite) as calculated by MINEQL"; the gypsum value is close to that deduced from
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experiments.”® For gypsum experiments with 0.03 M added electrolyte ceq = 14 mM was used.
Mass transport across boundary 8 is due to convection only. Because the dissolution fluxes for
most of the systems of interest were relatively low, we did not model any spatial variations in
ionic strength as these effects would be relatively minor. For simplicity, we chose a first order

rate law (eq 8): this has been used previously for gypsum and related materials 2 183>

and,
further, was reasonable because the reaction was generally very far from equilibrium under the

conditions of the experiments.

4  Results and Discussion

4.1 Insights from simulations

The finite element simulations provide information on the processes occurring in the cell.
In particular, the approach described yields: (i) the hydrodynamic behavior within the CFC
chamber, from which velocity profiles, in regions of interest, can be extracted; (ii)
concentration profiles of dissolved species within the cell which informs on the kinetic/mass
transport regime; and (iii) the flow rate-dependent outlet concentration which is the variable
used to analyze experimental data. We use the simulations to highlight briefly some of the main
features of the techniques for the case of gypsum (ceq = 11 mM). Figure 3(b) shows a typical
example of the velocity profile of solution in the flow cell (2h = 0.21 mm) at V; = 0.1649 cm® s°
! A steady laminar Poiseulle profile is established and maintained along the channel length,

after a short lead-in length.

Figure 4 shows: (a) a typical concentration profile in the CFC for V; = 0.0083 cm® s and
kgiss = 1 x 10° cm s and (b) plots of the concentration of the dissolved species at the
crystal/solution interface along the length of the channel for V;= 0.0083 cm® s™* and 0.1649 cm®
s, which correspond to the lower and higher V; limits of those used herein. The kgiss value is

typical of that found in the experimental studies (vide infra). A consequence of the high mass
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transport rates that can be generated in the channel is that the concentration boundary layer
above the dissolving substrate is relatively thin, allowing fast surface kinetics to be
investigated. This is evident from Figure 4(b) which shows that the interfacial concentration is
considerably lower than the equilibrium value at the extreme limits of typical flow rates,
indicating substantial surface kinetic control of the reaction for these parameters. The non-
uniform concentration profiles along the channel length are a consequence of the non-uniform
accessibility of the channel system * between 0.5 and 9.5 mm, coupled with stagnation zones
which develop at the chamber edges. This leads to higher interfacial concentration values
between 0 — 0.5 mm (upstream portion of the crystal) and 9.5 — 10 mm (downstream portion).
However, these stagnation zones make a very minor contribution to the total surface flux from

the entire exposed crystal.

Figure 5 shows 3D plots of the outlet concentration (a) and average surface flux (b) as a
function of the kinetic constant, kgiss, and flow rate, Vs. For any particular flow rate, an increase
in Kgiss results in an increase in the surface flux and outlet concentration, as a consequence of
increasing generation of dissolution products from the crystal surface up to a maximum (Kgiss-
independent value) where the reaction becomes transport-controlled. In addition, it can be seen
that for any rate constant, the highest outlet concentration is predicted at low flow rates,
essentially because the duration of interaction between the crystal surface and solution in the
cell is then longer, thereby allowing dissolution products to accumulate more readily in the
solution. In the regime Kgiss > 0.1 cm s, for the range of V; shown, the reaction becomes

transport-limited. Below this value, surface kinetic determination is possible.
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4.2 Dissolution kinetics

4.2.1 Surface analysis

WLI measurements were made to determine the surface topography of the crystal surfaces
before and after CFC studies, with the aim of determining the specific surface area of the
crystal surface exposed to the solution. This was primarily to confirm that the surface area was
constant over the duration of a CFC experiment and to determine the roughness factor (1) with
which flux values predicted by simulations could be normalized to allow comparison between

different materials and to obtain intrinsic dissolution rates.

Figure 6 depicts typical differential interference contrast (DIC) micrograph of the basal
plane gypsum surface after etching in ultrapure H,0, for: (a) 90 s, (b) 10 min, (c) 30 min; and
(d) a WLI micrograph after a 30 min etch. The micrographs clearly show an alteration in
surface topography, from early times in the dissolution process (Figure 6(a)), where small etch
features are isolated on the (010) cleavage surface. With time, these features grow and achieve
complete coalescence by ~ 30 min (Figure 6(c)) and the surface topology and roughness ()
essentially remains similar for times thereafter. 4 was found to be in the range of 1.1-1.2, 1.9-
3.3 and 1.6-4.4 for (010) gypsum, edge plane gypsum and anhydrite, respectively. The highest
A value (roughest sample used for experiments) yielded an rms roughness value of 4.5 um

constituting 2.3 % of the channel height (2h) which was considered unlikely to disrupt the

cell hydrodynamics described above, as evidenced by the fact that electrodes deployed in
channel cells are only slightly smoother than this and conform well to predictions for a smooth
surface. % 2 |n addition, 4 values for each sample were within +10% when examined before

and after CFC studies.
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4.2.2 CFC dissolution measurements

As mentioned above, the dissolution reaction was monitored via flow rate-dependent off-
line ICP-MS analysis on CFC effluent for Ca®* at each flow rate. At least four replicate runs
were made for each flow rate. These data were then analyzed, using the model described, to

obtain values for the heterogeneous rate constant (Kgiss) for the dissolution of each substrate.

Figure 7 shows typical experimental data, of outlet Ca®* concentration as a function of
flow rate for the three different crystal substrates. The error bars in this plot and that in Figure 8
reflect 2 standard deviations calculated from four replicate runs from ICP-MS data at each flow
rate shown. The solid lines represent the best fit of kgiss for each substrate, as predicted from
simulations. The etched surface of basal plane gypsum exhibited the lowest value of kgiss = 6.0
(+1.5) x 10™* cm s while that of anhydrite was slightly higher at kgiss = 7.8 (+1.3) x 10 cm s™.
The excellent agreement between experiments and predictions from simulations observed here,
particularly in the high flow rate range, justifies the choice of a first-order rate law for basal
plane gypsum and anhydrite dissolution in pure H,O. At lower flow rate, the model tends to
over-estimate the outlet concentrations. Under these conditions, the interfacial concentrations
move closer to equilibrium and the small deviation between theory and experiment may
indicate a change in the reaction order. Notably, edge plane gypsum yielded a rate constant of
kgiss > 0.1 cm s* indicating a mass-transport controlled dissolution process under the

experimental conditions.

With these rate constants, the associated intrinsic dissolution fluxes J, (mol cm™ s'l) = Kgiss
X Ceq taking into account A in the calculation of the area, were deduced to be 5.7 (+1.4) x 10°°
mol cm™ s and 4.0 (£0.7) x 10° mol cm™ s for basal plane gypsum (010) and anhydrite,
respectively. The kinetics found for gypsum compare favorably with the values deduced by

Colombani * of J, = 5 (+2) x 10”° mol cm™ s™. The intrinsic dissolution flux for anhydrite
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crystal compares well with recent values from Jeschke and Dreybrodt who obtained J, = 5 (x1)
x 10 mol cm™ s™. *® However, these values are much smaller than the value of J, =2 +1 x107
mol cm™ s™ deduced from anhydrite polycrystalline pellets.*?” It is important to point out that
we have analyzed natural polycrystalline anhydrite samples which have been deposited over
geological time scales such that the crystalline deposits are compacted to an extent that porosity
is negligible. In contrast, anhydrite pellets such as those used in some previous studies® are
typically formed by dehydrating gypsum pellets, a process which exposes the sample to thermal
shock, possibly further weakening sample structure. This typically results in samples with high
specific surface areas which would naturally produce higher dissolution fluxes defined in terms

of the geometric area of the sample.

It is further important to note that, with the CFC method, we eliminate the possibility of
surface concentrations (from generation of dissolution products) approaching the gypsum
saturation point, by probing anhydrite dissolution under far from equilibrium conditions via the

high rates of mass transport that can be generated.

4.2.3 Effect of additives

We next consider the influence of key additives on gypsum dissolution. Figure 8 shows
plots of outlet concentration as a function of flow rate for etched basal plane gypsum in the
presence of STMP, I-tartaric acid and d-tartaric acid, with H,O also shown. These additives
were chosen because of their extensive use as inhibitors of humid creep, in the production of
CaSO, based materials.*®%* In each case, there is good agreement between the experimental
data and the first-order model proposed (which takes into account the ionic strengths of the
different solutions in calculating ceq, Table 1). Rate constants for dissolution in the presence of
d-tartaric and I-tartaric acids were found to be similar (within experimental error) and close to

that for pure H,0, with kgiss = 7.3 (¥2.0) x 10™ cm s, which shows that d- and I-tartaric acid
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have relatively little effect on gypsum dissolution under the experimental conditions. However,
in the presence of STMP, the rate constant was much lower, kgiss = 1.3 (0.5) x 10* cm s,

indicating a significant retardation of the dissolution process.

To elucidate and explain the mode of action of STMP on the process of gypsum
dissolution, we carried out etch pits studies for dissolution in quiescent solution for a period of
20 min. By careful cleaving along the (010) gypsum plane, mirror surfaces were produced. One
half, was etched in STMP while the other was etched in ultrapure H,O. There is almost
complete dissociation of STMP, yielding a solution ionic strength ca. 0.03 M. In order to

investigate ionic strength effects, etching was also carried out in 0.03 M KNOs.

Figure 9 shows DIC micrographs of the resulting etch pits, where (a) is the surface after etching
in H,0, (b) the mirror surface when etched in STMP, (c) superimposition of (a) and (b), and (d)
a gypsum surface after etching in KNO3z. When the two microstructures in (a) and (b) are
superimposed (c), it is clear that there is exact correspondence between the positions of etch
pits, and therefore, both pit types emerge from the same defect sites which presumably run
through the crystal. Notably, however, there is a drastic difference in the pit sizes, with STMP
retarding dissolution compared to water. This effect is even more striking when one considers
that the higher ionic strength of the STMP solution would be expected to promote dissolution if

it simple acted as an inert salt, as evidenced by the KNOj3 data [Figure 9(d)].

Figure 9 also shows isolated pits that result from etching in water (e) and STMP (f). In the
case of H,0, the pits are irregular hexagons with two parallel edges aligned along the [001] and
[100] directions and one poorly defined edge (Figure 9(e)); see Figure 10 for the gypsum unit
cell. The pits were found to exhibit typical dimensions of 350 £30 um, 62 £14 pym and 1.9 £0.5
pm in [001], [100] and [010] directions, respectively, after etching for 20 min. In contrast,

etching in the presence of STMP produced pits with the shape of a parallelogram, laterally
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embracing the [001] and [100] directions only (Figure 9(f)). The etch pits were also relatively
small compared to those produced when etching in pure water, with typical dimensions of 90
+10 pm, 36 £6 pm and 1.4 +0.5 um in [001], [100] and [010] directions, respectively. The
elongated etch pit morphologies indicate preferential dissolution in the [001] direction relative
to the [100] etching in pure H,O. Indeed much faster dissolution along the [001] direction
relative to the [100] direction may be responsible for the development of the irregular pit edge
(Figure 9(e)). In the presence of STMP, dissolution in [001] and [100] directions were retarded
to different extents so that the rates became closer in magnitude resulting in the parallelogram
pit shape observed. Since STMP dissociates to P3sOo™, ¥ under the experimental conditions, it is
likely that STMP will have a binding affinity with surface calcium ion sites, inhibiting
dissolution. The anion has a chair configuration with the phosphate groups facing outwards
from the ring (Figure 1), giving it the capacity to adsorb onto several positively charged sites

on the crystal surface and form surface complexes.

For both etchants (H,O and STMP), dissolution in the [010] direction (etch pit depth) was
much slower than in the other directions analyzed. However, the values obtained with and
without STMP were similar, indicating little effect of STMP on dissolution in this direction.
Dissolution in the [010] direction involves periodic removal of the water layer interspaced
between CaSO, bilayers in the gypsum crystal. The fact that STMP has little influence suggests

that detachment of the water layer may be rate-limiting in this direction.

5 Conclusions
The dissolution kinetics of gypsum and anhydrite have been obtained and analyzed via the
CFC method, coupled with off-line ICP-MS for the measurement of dissolved Ca®* from the

crystal surface. For the first time, it has been possible to distinguish between the dissolution
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kinetics for the basal (010) and edge plane (001) surfaces of gypsum: radically different
dissolution characteristics have been observed. The basal surface exhibited an intrinsic flux, J,
= 5.7 (+1.4) x 10" mol cm™? s into pure water (kgiss = 6.0 (+1.5) x 10 cm s™), whereas the
edge plane exhibited high rate constant values, kgiss > 0.1 cm s™ indicating a transport-controlled
process under the experimental conditions applied. Anhydrite crystals, exhibited fluxes of J, =

4.0 (+0.7) x 10 mol cm™ s into pure water (kgiss = 7.8 (+1.3) x 10 cm s%).

The effect of additives on dissolution of the basal gypsum surface considered molecules
which have been used industrially as inhibitors of humid creep in CaSO4-based building
materials. It was observed that tartaric acid (d- and I-) had little influence on dissolution
kinetics with rates similar to those observed when dissolution was carried out in pure water. In
the presence of STMP, dissolution rates were much lower, J, = 1.6 (+0.6) x 10° mol cm™ s
(kgiss = 1.3 (£0.5) x 10™ cm s™), despite the high ionic strength associated with the additive
which would be expected to promote dissolution (salting-in). Etching studies revealed that
STMP significantly inhibits gypsum dissolution across the basal surface, but has a lower
inhibitory effect in the [010] direction (normal to the basal surface). The mode of action is
likely to involve surface complexation of SMTP anions on the crystal surface. The lack of any
significant effect in the [010] tentatively suggests that the loss of the water layer may be the

rate limiting process in this direction for which STMP would have little influence.

The studies herein illustrate how the CFC method is particularly powerful in elucidating
surface kinetics and the role of mass transport in the interfacial processes. The methodology is
flexible and allows the study of particular crystal faces and the introduction of inhibitors. When
coupled with simple etching methods, one can obtain a good level of information on Kinetics,

mechanisms and the mode of action of inhibitors on dissolution.
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Tables

Table 1. Additives used for CFC dissolution studies on basal plane gypsum crystal

Additive Concentration pH Ionic
(mM) strength
(mM)
|-tartaric 5 2.71 19
acid
d-tartaric 5 2.70 19
acid
STMP 5 5.88 30
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Figure captions

Figure 1. Molecular structures of the additives used for some of the dissolution studies.

Figure 2. Illustration of (a) the two dimensional cross-section of the flow cell (not to scale),
highlighting the crystal substrate which forms the base of the channel and the mixer in the

outlet, and (b) a photograph of a finished CFC unit where the scale bar is 10 mm.

Figure 3. 2D representation of (a) the channel geometry used for finite element modeling
simulations where the numbers represent the boundaries (edges) used in simulations (not to
scale) and (b) the velocity profile of solution within the flow cell for the case of V;= 0.1649

cm®s™. The cell dimensions in (b) are in mm and were used throughout.

Figure 4. lllustration of (a) the CFC cross-section depicting the concentration for V¢ = 0.0083
cm® st and kgiss= 1 x 10° cm s where dimensions are in mm, and (b) the corresponding
interfacial concentration along the length of the channel for Vs = 0.0083 cm® s (black) and V; =
0.1649 cm® s (red), with an applied rate constant kgis= 1 x 10 cm s* in each case. For

comparison, the saturated solution concentration is shown (blue).

Figure 5. (a) Simulated outlet concentrations and (b) mean surface flux, Js, as a function of Kyiss

and V:. The channel cell was characterized by the parameters shown in Figure 3(b).

Figure 6. Typical DIC micrographs (scale bars 100 um) of the (010) cleaved gypsum surface
after etching in pure H,O for (a) 90 s, (b) 10 min, (c) 30 min, and (d) the corresponding WLI

micrograph after a 30 min etch, where the scale bar is 30 um.

Figure 7. Cell outlet concentration as a function of flow rate for the dissolution of etched basal
plane gypsum (red), edge plane gypsum (black) and anhydrite (blue) The solid line correspond

to the best fits to the model with rate constant, Kgiss (cm s™) of 6.0 (+1.5) x 10* cm s™, > 0.1 cm
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s*and 7.8 (¥1.3) x 10 cm s, for basal plane gypsum, edge plane gypsum (Ceq = 11 mM for
gypsum) and anhydrite (Ceq = 16 mM) respectively. The simulation used other parameters

stated in the text.

Figure 8. Outlet concentration as a function of flow rate for dissolution of the etched basal
plane of gypsum in 5 mM solutions of I-tartaric acid (blue points), d-tartaric acid (green
points), and STMP (black) and in pure H,O (red). The solid lines correspond to the best fit rate
constant, kgiss (cm s™) predicted by simulations with values of 6.0 (+1.5) x 10 cm s™* and 1.3
(+0.5) x 10™ cm s™ for pure H,O and STMP, respectively, while I-tartaric and d-tartaric acids

exhibit a similar rate constant of 7.3(+2.0) x 10 cm s™ (blue solid line).

Figure 9. DIC micrographs of the (010) surface of gypsum (matched halves) after a 20 min etch
in (@) H,O and (b) 5 mM STMP. The two surfaces (a and b) are superimposed in (c) to show
correspondence of etch pits on the surfaces. A cleaved gypsum surface etched for 20 min in
0.03 M KNOg is shown in (d) for comparison. The scale bars are 300 um. WLI micrographs of
pit morphology after etching for 20 min in (e) H,O and (f) 5 mM STMP are also shown. The
main crystallographic directions with respect to the etch pits formed on the (010) surface are

indicated and the [010] direction normal to the surface.

Figure 10. Gypsum unit cell with the main crystallographic directions indicated. Note the H,O

layer interspaced between CaSQO, bilayers.
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Figure 5
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Figure 9
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