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ABSTRACT: The effects of sodium polyacrylate (NaPAA) as well as
potassium oleate on the nucleation and calcium carbonate crystal
growth on hard surfaces, ie., stainless steel and silica, have been
investigated at different temperatures. The relation between the surface
deposition and the corresponding bulk processes has been revealed by
combining dynamic light scattering (DLS), scanning electron
microscopy (SEM), X-ray diffraction (XRD), and ellipsometry. The
aim was to further our understanding of the crystal deposition/growth
mechanism and how it can be controlled by the presence of
polyelectrolytes (NaPAA) or soap (potassium oleate). The addition
of polyelectrolytes (NaPAA) or soap (potassium oleate) decreases the
size of CaCOj; particles in bulk solution and affects both crystal
structure and morphology in the bulk as well as on hard surfaces. The
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amount of particles on hard surfaces decreases significantly in the presence of both potassium oleate and NaPAA. This was found
to be a consequence of potassium oleate or NaPAA adsorption on the hard surface as well as on the CaCOj; crystal surfaces.
Here, the polymer NaPAA exhibited a stronger inhibition effect on the formation and growth of CaCOj particles than potassium

oleate.
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1. INTRODUCTION

The control of calcium carbonate crystal formation in bulk and
at interfaces is of key importance in nature and in applications.'
Calcium carbonate is one of the most common type of minerals
and is produced by a wide variety of biological organisms,
which are able to exhibit exquisite control over the polymorph,
location of nucleation, crystal size and shape, crystallographic
orientation, composition, stability, and hierarchical assembly of
the crystals.” Several different polymorphs of calcium carbonate
have been identified, which in order of increasing solubility are
calcite, aragonite, and vaterite (cf. refs 3 and 4). In excess of
water, all of the polymorphs eventually transform into the most
stable form, calcite. The less stable polymorphs may, however,
be stabilized in the presence of additives. The classical
nucleation theory is the most common approach to the
describe the mechanism of the crystallization, as well as
concepts such as spinodal decomposition and liquid—liquid
demixing." Recently, a prenucleation cluster pathway has been
proposed.”” Dissolved calcium carbonate has been shown
under certain conditions to contain stable prenucleation ion
clusters even if the solution is undersaturated. Such stable
clusters have been proposed to be the relevant species for
calcium carbonate nucleation sites. A stabilized form of
amorphous calcium carbonate has been observed in bio-
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minerals.” It is clear that there is a wide interest in controlling
the crystallization of CaCOj;, and therefore, various types of
inorganic/organic additives have been used in order to control
morphologies, crystal sizes, and polymorphs.'”

Particle morphology as well as the polymorph of inorganic
materials can be controlled by applyin§ aqueous soluble
additives, such as surfactants or polymers.”® It is well-known
that surfactants can influence several crystallization steps,
including nucleation and crystal growth and aggregation, and
as a consequence, can control the formation of various crystal
phases. Surfactant aggregates have also been used as micro-
reactors for preparation of specific morphologies, sizes, or new
crystal structures of inorganic”'’ or organic'’ materials. In
addition, surfactants are used widely as templates to control the
crystal size distribution and habit of the crystallization."””™"
Potassium oleate is one of the common surface-active
components used in industrial applications like flotation or
other processes involving an agglomeration process, but it is
also of importance in ADW (automatic dishwasher)

processes.' In the ADW application, the high soap
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concentration corresponds to the cleaning of greasy dishes,
where the soap is formed from the hydrolyses of triglycerides at
high pH. Antti and Forssberg'’ has found that oleate at low
concentration adsorbs as a monolayer and at increased
concentration precipitates at high pH in the presence calcite,
while a bilayer is formed on apatite. Lu et al. compared the
differences in adsorption of oleate on fluorite, apatite, and
calcite, respectively. They found that adsorption was dependent
on differences in calcium site density and mineral solubility."®
Apatite monolayer adsorption occurred at low temperature, but
surface precipitation of calcium oleate was predominant at 65
°C, pH 9.5. The adsorption density prior to monolayer
coverage on the three studied surfaces follows the order fluorite
> calcite > apatite; ie., it scales with the calcium surface site
density. Beyond monolayer coverage, the adsorption density
follows the order of solubility of the minerals, that is, calcite >
fluorite > apatite. Interestingly, force measurements using a
colloid probe AFM have revealed a strong attractive force
between calcium dioleate colloidal probe and a fluorite surface,
whereas the corresponding interactions with a calcite surface
was found to be repulsive. *° These results were attributed to
hydrophobic interaction between the probe and the fluorite
surface. Somasundaran described a strong synergistic effect
when oleate and starch are used together as additives
promoting adsorption of both.”' Although nucleation and
growth mechanisms, as well as the kinetics of calcium
carbonates formation in the presence of surfactants, have
previously been studied, significantly less is known about the
CaCO; crystal formation/deposition mechanism on a solid
surface.

Synthetic polymers have also been used to control calcium
carbonate growth. In some cases, simple anionic polymers, such
as poly(acrylic acid), poly(acrylonitrile), and poly-
(styrenesulfonate), which can inhibit crystallization in bulk,
have been used to prevent limescale formation in boilers, water
pipes, and dishes and cutlery in the automatic dish
washers.””"** Naka et al.”® observed that vaterite is stabilized
by the addition of poly(acrylic acid). Either spherical or
nanoparticulate morpohologies are formed, depending on when
during the crystallization the polymer is added. Wang et al.”®
proposed a mechanism based on so-called mesocrystals that
could explain peculiar shapes of CaCOj crystals formed in the
presence of polystyrenesulfonate. They deduced that the
polymer affected the process by complexing ions and therefore
reducing nucleation as well as by stabilizing intermediate
amorphous particles and controlling the assembly of the
mesocrystals. Loy et al”’ studied the influences of concen-
tration and molecular weight of poly(acrylic acid) sodium on
the inhibition of CaCOj; formation. They found that nucleation
temperature is strongly dependent on the molecular weight
distribution of the sodium polyacrylate (NaPAA) and high
molecular weight species govern the inhibition under
competitive adsorption conditions. Abdel-Aal and Sawada™®
concluded that the inhibition of the CaCOj; adhesion process is
attributed to the adsorption of the polymer on the growing
calcite adhered on the solid (gold) surface, and the presence of
the inhibitor causes deformation of the crystal morphology of
both the adhered and precipitated crystals. Even though a wide
variety of soluble organic additives were examined for their
effects on the crystallization of CaCOs,"*"~* the mechanisms
by which these organic additives affect nucleation and growth
of calcium carbonate are not yet fully understood. Gebauer et
al. found that the poly(acrylic acid) (PAA) binding capacity for

free calcium ions is too low to explain the prevention of calcium
carbonate particle nucleation.’* Consequently, they concluded
that the PAA calcium-ion binding capacity is not the main
reason for the inhibition of nucleation. Instead, they argue that
adsorption of the prenucleation-stage equilibrium clusters to
PAA stabilizes them against aggregation and thereby prevents
nucleation.

The relationship between bulk precipitation and surface
CaCO; formation in the presence of polymer and surfactant
has so far not received sufficient attention. In particular, there is
a lack of knowledge on how the temperature affects the CaCO;
deposition under these conditions.

The aim of this study is to reveal the effect of surfactants or
polymers on the formation and transformation processes of
calcium carbonate deposits on different hard surfaces in relation
to precipitation in the bulk solution. This will provide the
necessary knowledge to develop processes and detergents that
give reduce calcium carbonate deposition. Here, we have
chosen to study the effect of K-oleate and NaPAA at pH 10
under different temperatures, which are typical components
and conditions during a typical ADW wash cycle. Furthermore,
the effect of surface properties on the process was determined.
Three types of surfaces were used: smooth silicon wafers, with
average roughness <1 nm, that were either acid cleaned (fewer
deprotonated OH groups) or alkaline treated (with larger
negative charge),”” and a stainless steel surface with an average
surface roughness of 30 nm’® but also with an isoelectric point
close to silica at pH between 3 and 4.””*® The larger roughness
is expected to provide a large effective surface area and more
nucleation sites for the crystal formation on the surface. A null
ellipsometer was used to in situ follow the adsorption kinetics
and adsorbed amount of CaCOj particles on the surface. The
particles were characterized with scanning electron microscopy
(SEM), atomic force microscopy (AFM), and X-ray diffraction

2. EXPERIMENTAL SECTION

2.1. Preparation of CaCO; Crystals from Hard Water in the
Presence of Surfactant and Polymer. The following chemicals
were used without further purification: CaCl, (Sigma-Aldrich), MgCl,
(anhydrous, >98%) (Sigma-Aldrich), NaHCO; (Merck, >99.5%),
Na,CO; (Sigma-Aldrich, >99%), and potassium oleate (K-oleate) (M,,
= 320.55g/mol) (TCI). Poly(sodium acrylate) (NaPAA, M,, = 8000)
was provided by BASF. Milli-Q water was used for the preparation of
the hard water and other aqueous solutions. Hard water (21° dH) was
prepared by adding 4 mM Ca**/Mg”* (4:1) + 8 mM HCO;™ to water
and setting the pH to 10 by using Na,CO;. For this purpose, stock
solutions of CaCl,, MgCl,, NaHCO;, and Na,CO; with concen-
trations of 0.5, 0.1, 0.5, and 1.0 M, respectively, were used. CaCO;
crystals were precipitated from solution by fast addition of the
concentrated stock solutions of NaHCO; and Na,CO; as well as
additives (surfactant or polymer) to the desired final concentrations,
into a beaker containing aqueous solutions of 4 mM CaCl, and MgCl,
(4:1 molar ratio) at two reaction temperatures of 25 + 0.2 and S5 +
0.2 °C, respectively. The temperature was controlled by using a water
bath. During mixing, pH adjustments, and crystal formation/growth,
the solution was stirred at a constant rate of 300 rpm using a magnetic
stirrer bar.

2.2. Surface Preparation and Treatment. The three types of
surfaces chosen as substrates for the deposition experiments were a
stainless steel surface (304), an acid treated silica surface, and an alkali
treated silica surface. The silica surfaces (p-type, boron doped) were
thermally oxidized in an oxygen atmosphere at 920 °C for 1 h,
followed by annealing and cooling in an argon flow. This procedure
yields a 300 A thick SiO, and si§niﬁcantly increases the sensitivity of
the ellipsometry measurements.” The oxidized wafers were cleaned in
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Figure 1. Turbidity (shown as absorbance) caused by CaCOj precipitation from hard water as a function of time at different oleate concentrations
and temperatures: 5SS °C (a and b) and 25 °C (c and d), pH = 10. The data is recorded with agitation (a, c) and after the agitation was stopped (b,
d). For the sake of clarity, only every tenth recorded data point is shown in the graph.

a mixture of (1) 25% NH,OH, 30% H,0,, and water (1:1:S by
volume) at 80 °C, (2) followed by boiling for 10 min in a mixture of
concentrated hydrochloric acid, 30% H,0,, and water (1:1:S by
volume) at 80 °C for the acid treated silica wafer and, for the alkali
treated silica wafer, an additional alkaline step (2) was added. Finally,
the cleaned oxidized wafers were stored in ethanol before use. The
stainless steel surfaces were cleaned by using the alkali detergent,
Decon 90, at a concentration of 2 wt % and thoroughly rinsing with
water. The CaCO; deposition from hard water was achieved by
immersing the silica or stainless steel plate into water with a horizontal
(surface subject to sedimentation) orientation. The stock solution of
concentrated NaHCO;, Na,CO;, and additives were then quickly
added under identical conditions as was used for following the bulk
precipitation/crystallization. The sample was taken out of the solution
after 1 h of equilibration time and rinsed with purified water to remove
any residual salt solution. The plate with the deposit was then dried in
a closed, dust-free container.

2.3. Experimental Methods. An automated Rudolph Research
thin-film null Ellipsometer, type 43603-200E, was used to measure (in
situ) the adsorbed amount and the thickness of the adsorbed layers. It
should be noted that we could not follow the adsorption of CaCO,
particles by ellipsometry under the employed conditions with sufficient
accuracy as the adsorbed amount of CaCOyj alone is too low and the
deposition was inhomogeneously distributed on the surface. We
therefore only used ellipsometry to follow the adsorption of CaCOj;
particles in the presence of polymer on the surface, which gave
sufficient surface coverage as was also apparent from the SEM and
AFM images. We also attempted to study the CaCO; adsorption in the
presence of oleate, but the high turbidity of the solution made
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ellipsometry measurements too challenging to follow the kinetics of
the process. Ellipsometry is based on measurements of the change in
the state of polarization of light in terms of the relative phase shift, A,
and the relative change in amplitude, ¥, upon reflection against an
interface.”” On the basis of these data and the measured optical
properties of the substrate, the refractive index, n, and the film
thickness, d; of the deposited layer can be determined.*"** The
approach used to determine the properties of the used silicon substrate
with a 300 A thick oxide layer is described by Landgren and
Joensson.*” The adsorbed amount was calculated using the formula of
de Feijter et al:*

_ di(ng = ny)
dn/dc

Here, n, is the refractive index of the ambient bulk solution and dn/dc
is the refractive index increment of the adsorbing substance, where a
value of 0.15 was used as described in previous studies*™* for
polymer layers. The data from ellipsometry measurements is evaluated
assuming a homogeneous layer. Therefore, the thickness extracted
from such a model represents an optical average thickness, which does
not necessary represent the physical thickness of the adsorbed layer in
particular at low surface coverage. All measurements were performed
at a wavelength of 401.5 nm and an angle of incidence of 68.5°. A S
mL thermostated cuvette was used for the in situ measurements at
25.0 °C or other temperatures. The solution in the cuvette was
agitated with a magnetic stirrer at about 300 rpm.

The deposited CaCOj particles were characterized by SEM (JEOL
JSM-6700F), X-ray diffraction (XRD), and AFM (Digital Instruments,
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Figure 2. Turbidity (shown as absorbance) caused by CaCOj; precipitation from hard water as a function of time with different NaPAA
concentrations at 25 °C (aand b) and 55 °C (c and d), pH = 10. The data is recorded with agitation (a, c) and after the agitation was stopped (b, d).
For the sake of clarity, only every tenth recorded data point is shown in the graph.

Nanoscope 111, tapping mode). All samples were Au-coated prior to
being examined by the SEM. The SEM was fitted with a field emission
source and operated at an accelerating voltage of 5.0 kV. The XRD
measurements were conducted using a Rigaku D/max-2400 powder X-
ray diffractometer with Cu Ka radiation (40 kV, 120 mA), and 0.02
step and 26 range of 20—60° were selected to analyze the crystal
structure and type. The X-ray diffraction peaks at 26 = 29.4°, 26.2°,
and 27.0° for calcite (104), aragonite (111), and vaterite (112),
respectively, were used to calculate the polymorphic ratio of the
polymorphs in the precipitated CaCOj.

Surface tension measurements were carried out using a
Tensionmeter (K6, KRUSS GmbH, Germany) to determine the
CMC of K-oleate. During the measurement, the Platinum—Iridium
ring was used.

The bulk precipitation/crystallization kinetics in the reaction
mixture was characterized by comparing the scattering from
dispersion, ie., the turbidity, without sedimentation, that is, with
stirring to capture the crystal/particle growth process, as well as after
the agitation had stopped to capture the sedimentation process. For
this purpose, an UV/vis Spectrometer (PerkinElmer LS-SOB
spectrometer) at a wavelength of S00 nm was used.

Quantitative information about formed particles was obtained by
dynamic light scattering (DLS) to characterize the supernatant and
scanning electron microscopy (SEM) for the precipitate. For DLS
measurement, the reaction solution with particles was prepared with
agitation and then equilibrated for 15 min without agitation. This
means that the large particles have sedimented to the bottom of the
reaction vessel during this process. The supernatant, characterized by
DLS, only contained the small and colloidally stable particles, that

21118

contributed to the scattering. The DLS data also confirms that the
particles in the supernatant are finely dispersed with particle sizes of
only a few hundred nanometers and a rather narrow size distribution.
However, for SEM measurements, the precipitate was collected by
centrifugation (5000 rpm and 10 min), followed by filtration using a
glass filter funnel (porosity of 0.45 um). The particles were
subsequently rinsed three times with Milli-Q water and then dried
in the oven at 50 °C for at least 24 h. Thus, the SEM images show only
the large particles from the sediment, which also have a large

polydispersity.

3. RESULTS

3.1. Kinetics of CaCO; Bulk Precipitation in the
Presence of K-oleate and NaPAA. We first performed
turbidity measurements to map the effect of the surfactant and
polymer concentrations as a function of time. It is important to
note that any change in turbidity reflects formation, growth,
and aggregation of the particle as well as precipitation and
sedimentation. The latter process is expected to lead to a
decrease in turbidity, while the other processes are expected to
lead to an increase in turbidity.

The turbidity of solutions at 55 °C remained high
immediately after adding Na,CO; stock solution during
agitation (Figure 1a). The turbidity, measured as absorbance,
initially decreased steeply with time for the different
concentrations of oleate as the precipitate settled in the
cuvette. This effect is most pronounced for the lowest
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additives. (a) K-oleate; (b) NaPAA. The pH = 10.

concentration of K-oleate. The turbidity reaches a low steady-
state value already after about 20 min, which shows that most of
the precipitate from the solution will settle fast. Furthermore,
the turbidity remained constant and no further sedimentation
of particles from the solution occurred even if the agitation was
stopped after 160 min (Figure 1b). The steady-state value of
the turbidity of the solution increased systematically with
increasing concentration of the oleate. This indicates that there
are more and/or larger Ca-oleate/CaCOj particles dispersed in
the solution at higher concentration of soap even after
sedimentation.

The corresponding results recorded at 25 °C (Figure 1c,d)
are quite different from those at 55 °C (Figure lab). The
turbidity versus time at 25 °C appears to have an inflection
point (Figure 1c), which again reflects the competition between
the sedimentation and the aggregation processes. For the lower
oleate concentrations (50 and 100 ppm), the turbidity initially
decreased steeply with time as the precipitate settled in the
cuvette. Eventually, after about 20 min, the turbidity reaches a
low steady-state value, which shows that most of the precipitate
has sedimented. However, for the higher oleate concentrations,
the turbidity of the solution initially increases with time and
increased with concentration of oleate in the solution until a

21119

plateau is observed after 20 min. When agitation of the solution
is stopped, sedimentation leads to a steep decrease in turbidity
during the initial 20 min after which it approached steady state
(Figure 1d).

The turbidity of the solution in the presence of NaPAA at 25
°C remained constant after a slight decrease in turbidity during
the initial stage (Figure 2a). The turbidity of solution decreased
drastically with increasing polymer concentration. Furthermore,
the turbidity still remained constant for a long time even when
the agitation was stopped, and very few particles were observed
to sediment to the bottom of the cuvette (Figure 2b). The
turbidity after adding S0 ppm of NaPAA at 55 °C initially
increases slowly followed by a steeper increase after 30 min,
Figure 2c. After about 50 min, the increase in turbidity levels off
and eventually a plateau value is reached. This behavior can
possibly be attributed to the effect of polymer adsorption on
the particle surface. When the number of particles increases,
there is not a sufficient amount of polymer to prevent the
particle growth, but when CaCO; content decreases below
saturation limit, the particle growth reaches a plateau value.
This is consistent with the observation that, at a polymer
concentration of 200 ppm and above, the turbidity of the
solution remains almost constant indicating that the particle
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growth is inhibited. We also note that, as the NaPAA
concentration increases, the turbidity of solution steeply
decreases and, when the concentration of NaPAA reaches
800 ppm, the turbidity is close to zero. This suggests inhibition
of nucleation. When the agitation is stopped after 2 h (Figure
2d), the change in turbidity is minute indicating that no further
particle growth or sedimentation occurs. We can conclude that
the polymer NaPAA is more efficient than the K-oleate in
preventing the formation and growth of CaCOj crystals

3.2. Properties of Dispersed CaCO; Particles Formed
in the Presence of K-oleate and NaPAA. It is well-known
that polyelectrolytes, such as NaPAA, as well as surfactants like
K-oleate potentially can adsorb on surfaces of CaCOj crystals
and thereby significantly affect the crystal surface charge and
size. Above, we discussed the kinetics of the particle formation
and growth and we were able to establish when the process
reached steady state. We here discuss the properties of the
dispersed particles at steady state. The properties of the larger
sedimented particles are discussed in Section 3.3.

The effects of K-oleate and NaPAA concentration on the
surface charge and size of CaCOj particles were studied using
zeta potential and DLS measurements at 25 and 55 °C (Figures
3 and 4). We here note that the measurements are performed
for the mixture, and hence, the absolute value of the zeta
potential is more negative than one would expect for isolated
CaCOj crystals. The rational for performing the measurements
on the whole mixture is that the solid surfaces are exposed to
this dispersion. Isolation of the separation of the crystals is
likely to perturb the system. The critical micelle concentration
(CMC) for K-oleate was first determined to be about 300 ppm
(0.94 mM) by surface tension measurements (data not shown),
which is in accordance with the value of 0.9—1.0 mM reported
by Klevens."”” The temperature was found to have little
influence on the surface tension and CMC under the applied
conditions. The zeta potential measurements (Figure 3a) show
that CaCOj particles are negatively charged in the absence of
K-oleate and the surface charge gradually becomes more
negative with increasing K-oleate concentration. The particle
size also increases with the K-oleate concentration (Figure 4a).
These observations are attributed to the binding of oleate ion
to the CaCO; particle surface. Furthermore, this interaction
causes an exchange between the oleate ions and carbonate ions
on the surface of CaCOj; according to the chemical reaction
scheme (la—1c):

CaCOs4(s) = Ca** + CO,*” (1a)

CaCO4(s) + CO,(aq) + H,0(1)
= Ca’*(aq) + 2HCO, (aq) (1b)

2C,,H;CO0 (aq) + Ca**(aq) = (C;,H,;,CO0),Ca(s)

(1o)
Ca-oleate is water insoluble and remains on the CaCO; surface,
indicated by (s). Note that the solubilization of CaCO; is
facilitated by dissolved CO, in the aqueous phase according to
1b. Lu et al. have shown using infrared that the surface layer
structure is composed by oleic acid, chemisorbed oleate, and
surface precipitated calcium dioleate.'® At pH 8.0, oleic acid
was found to be the dominating specie, while at pH 9.5,
chemisorbed oleate dominates at low fatty acid concentration.
The major specie at higher concentration is surface precipitated
calcium dioleate. Chemisorption appears not to be reversible

and leads to a more negative surface charge.m Furthermore, the
zeta potential of CaCOj; at 25 °C is more negative than at 5§
°C with the same concentration of K-oleate. This indicates that
more oleate ions take part in the ion exchange reaction on the
CaCOj; particle surface at lower temperature.

Addition of the polymer NaPAA causes the zeta potential to
initially decrease sharply, reaching an almost constant value
(around —70 mV at 25 °C and —75 mV at 55 °C) at higher
NaPAA concentrations (Figure 1b). The initial decrease in the
zeta potential with polymer concentration is clearly attributed
to the effect of NaPAA adsorption, which is expected to be a
fast process. The constant zeta potential for polymer
concentrations of S0 ppm and above suggests that the particle
surface is saturated with a layer of polymer. The zeta potential
value at 55 °C is lower than that at 25 °C, indicating that more
PAA™ ions adsorbed on the particle surfaces at higher
temperature.

The adsorption of polymer and the surfactant influences the
formation and growth of the CaCOj particles, as identified by
DLS measurements (Figure 4). Here, it should be noted that
after sedimentation only the small and colloidally stable
particles in the supernatant contribute to the scattering. The
DLS data also show that particles in the supernatant are finely
dispersed with a rather narrow size distribution and particle
sizes of only a few hundred nanometers.

For K-oleate, the size of the CaCOj; particles initially
decreases sharply with concentration up to 50 ppm followed by
a gradual increase in size when the concentration is further
increased (Figure 4b). This reflects the fact that adsorption has
two opposite effects on the particle size; namely, it can inhibit
particle growth and it can also increase the particle size either
by forming a thick surface layer or by aggregating particles.
When the K-oleate was present in the solution at low
concentration, the adsorption of oleate ions on the surface of
CaCO; particles inhibited the formation and growth of crystal.
Hence, the particle size decreases sharply with increasing oleate
concentration. At the same time, the amount of K-oleate
adsorbed on the particle surface will increase with the
concentration of K-oleate. The larger amount of oleate on
the particle surface is also reflected in the sharp decrease of the
surface potential. At sufficient high oleate concentration, this
leads to precipitation of calcium dioleate, which in turn gives
rise to an increase of particle size as discussed above. The
process at 55 °C is more distinct than for 25 °C, and
consequently, the surface potential is more negative at 55 °C
than at 25 °C. Another factor, which will be discussed further
below, is that the crystal structure changes with temperature.
Such changes can also affect the adsorption/deposition of the
oleate on the surface of the particles and hence both size and
charge of the particles.

Figure 4b shows the corresponding results for the addition of
NaPAA. In this case, the particle size also shows sharp initial
decreases with concentration of NaPAA, but this is followed by
a constant size with further increase of NaPAA concentration.
This indicates that the presence of NaPAA completely inhibits
the growth of CaCOj particles in the solution. In addition, the
particle size at 55 °C is generally smaller than that at 25 °C.
This indicates a stronger binding of NaPAA to CaCOj at the
higher temperature, which in turn inhibits the growth of the
particles. The nanometer-sized particle stabilized with the
polymer will remain dispersed in the solution for a considerable
time without sedimentation. From the results above, we
conclude that the polymer NaPAA is more efficient in
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inhibiting the formation and growth of CaCOj; particles
compared to the soap.

3.3. Crystal Structure and Morphology of Large
CaCO; Particles Formed in the Bulk Solution. The
morphology and structure of CaCOj crystal formed at 55 °C
in the presence of different concentrations of K-oleate in bulk
solution and collected from the sediment are shown in Figure S.

Figure S. SEM images of CaCOj crystal formed in the bulk solution
with different concentrations of oleate at T = 55 °C and pH 10: (a) 0;
(b) 50 ppm; (c) 200 ppm; (d) 400 ppm. The reaction time is 1 h.

Without K-oleate in the solution (Figure Sa), CaCOj; crystals
form two types of crystals, namely, aragonite and calcite. The
morphology of calcite crystals is that of a distorted cube, and
aragonite crystals are needle- or flowerlike. However, when the
K-oleate concentration is S0 ppm in the solution (Figure Sb),
the rhombohedral calcite dominants in the samples, and there
are some plate-like Ca-soap aggregates. Furthermore, in the
presence K-oleate, the surface structure of the formed
crystalline superstructures increased in roughness and there
are many tiny cubic crystals adsorbed on the surface of calcite
crystal (Figure Sb). All of the described crystal morphologies
appear to be very stable, once they are formed. The flower-like
aragonite crystal dominates when the concentration of K-oleate
is 200 ppm (Figure Sc), and there is also more irregular Ca-
soap aggregation formed in the samples. On the basis of the low
solubility product of 2.51 X 107" for calcium oleate at 67 °C
and pH 9,* this increase of irregular aggregates is most likely
connected to the precipitation of calcium oleate. It is clear that
K-oleate addition changes the crystal shapes from low axial ratio
forms such as cubes (calcite) to higher axial ratio rods
(aragonite). The latter type of crystallites becomes more
elongated in shape as the soap concentration increases. The
presence of fatty acid soaps like oleate have been shown to
influence all three key steps of CaCOj precipitation: nucleation,
crystallite growth, and aggregation.49 Furthermore, the
presence of oleate can be used to prepare hydrophobic
CaCO; nanoparticles.””*® As the concentration of K-oleate
increases to 400 ppm (Figure Sd), more Ca-oleate precip-
itations cover the crystal surfaces and more irregular aggregates
appear in the sample.

The corresponding SEM images of CaCOj crystals formed
from hard water with K-oleate at 25 °C are shown in Figure 6.

Figure 6. SEM images of CaCOyj crystal formed in the bulk solution
with different concentrations of oleate at T = 25 °C and pH 10: (a) 0;
(b) 50 ppm; (c) 200 ppm; (d) 400 ppm. The reaction time is 1 h.

The images show that larger particles are formed at the higher
concentration of oleate (Figure 6). This is consistent with the
higher turbidity (Figure 1) that reflects the more pronounced
and extensive aggregation process at higher oleate concen-
tration. All three crystalline polymorphs and amorphous
particles are observed when there is no K-oleate in the solution
(Figure 6a). The amorphous particles as well as the vaterite
particles progressively disrupt into small particles during the
course of the polymorphic transformation.”’ Calcite crystals
grow larger and their surface becomes rougher. At a K-oleate
concentration of 50 ppm (Figure 6b), the rhombohedral calcite
crystals are predominant in the samples, but there are also quite
a few spherical particles. The surface of these particles is pretty
rough because of the coprecipitation with Ca-oleate. As the
concentration of K-oleate increases (Figure 6¢c,d), there are
more Ca-oleate covered crystals and aggregates in the sample,
while the type of crystal structure in the sample does not seem
to change.

The XRD results shown in Figure 7 verify the crystal
structures based on the morphology of the crystals. The
samples prepared at 55 °C (Figure 7a) are quite different from
those prepared at 25 °C as expected from the SEM images. For
the 55 °C samples, the calcite structure dominates with 50 ppm
K-oleate. However, when increasing the K-oleate to 200 ppm
aragonite and vaterite, crystals appear and a further increase of
K-oleate concentration appears not to change the ratio between
aragonite or vaterite and calcite. The decrease in intensity of the
XRD diffractogram can be interpreted as a loss of crystalline
structure. The XRD pattern for the 25 °C samples shows the
sharp peaks of calcite, and there is no significant amount of
other type of crystals in the sample (Figure 7b). However, the
spherical particles observed in the SEM images are likely to be
amorphous CaCOj as no diffraction pattern could be detected
from them. The amount of calcite sharply decreased with the
increase of K-oleate soap from 50 to 200 ppm, which indicates
that the formation and growth of CaCO; particles were
inhibited gradually with an increase of K-oleate concentration.
We can conclude that the polymorph of crystalline CaCO;
depends on the additive and temperature in the solution. At
low temperature, the amount of metastable polymorphs,
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Figure 7. XRD patterns of CaCOj crystals formed in the presence of K-oleate obtained at 55 °C (a) and 25 °C (b), and pH 10. “A”, “C”, and “V”

denote peaks from aragonite, calcite, and vaterite, respectively.

aragonite and vaterite, is reduced by the presence of oleate. The
most thermodynamically stable polymorphic form, calcite,
therefore prevails in the sample.

SEM images of CaCO; formed in the bulk with NaPAA
concentration at 25 and S5 °C are shown in Figure. 8. The

Figure 8. SEM images of CaCOj; precipitates formed from hard water
with NaPAA at different temperatures. T = 25 °C: (a) S0 ppm, (b)
200 ppm; T = 5§ °C: (c) SO ppm, (d) 200 ppm, and (e) 400 ppm.
The reaction time is 1 h and pH is 10.

morphology of CaCOj particles in bulk solution with NaPAA at
25 °C was drastically changed (Figure 8a) compared with those
observed in the absence of NaPAA (Figure 6a). Here,
(amorphous) nanosized particles were formed instead of
crystals, and these small particles are found to aggregate into
large particles when the dispersion is centrifuged. This seems
not be very much affected by the polymer concentration as the
images recorded at 200 ppm polymer (Figure 8b) are similar to
those recorded for 50 ppm. However, we note that the amount

21122

of tiny particle decreases, the number of large aggregates
increase, and they appear to be denser. The XRD patterns (not
shown) do not show any crystallinity in the samples, which
indicates that they mainly contain amorphous CaCO; and Ca-
soap aggregates.

The images recorded at S5 °C are quite similar to those
obtained at 25 °C except for 200 ppm polymer (Figure 8d),
which shows larger aggregates. When the polymer concen-
tration is S0 ppm, the nanosized particles also formed and
aggregated into large particles. It is very difficult to identify the
structure and type of these particles based only on the SEM
images. The corresponding XRD pattern showed that there are
three kinds of crystal in the sample, aragonite, calcite, and
vaterite. The aragonite crystal dominates in the samples, and
the content of calcite and vaterite is fairly low (Figure 9). The
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Figure 9. XRD patterns of CaCOj; precipitate with NaPAA obtained at
pH 10 and S5 °C. “A”, “C”, and “V” denote peaks from aragonite,
calcite, and vaterite, respectively.

occurrence of vaterite in the presence of poly(acrylic acid) was
also observed by Naka et al,”> who found that vaterite is
stabilized by this polymer. Nanosized particles for 200 ppm of
NaPAA in addition to a few needle-like crystals formed in the
sample, which is typical for aragonite crystals (Figure 8d). The
XRD results show that the amount of aragonite is almost the
same as at the lower polymer concentration, while the content
of calcite increases significantly. The SEM images of sample
with 400 ppm polymer are very similar to those recorded at 50
ppm (Figure 8e). However, the XRD diffractogram is clearly
different from those for 50 and 200 ppm polymer. The calcite is
dominant in the sample, and aragonite disappears totally. It also
is important to note that the XRD intensity for all three
samples is significantly lower, suggesting that crystallinity in the
sample is very low. This is attributed to the fact that the anionic
groups of NaPAA can bind a sufficient amount of Ca*" ions to
inhibit the association of Ca** and CO;*~, which in turn can
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Figure 10. Adsorbed amount from a dispersion of CaCOj particles with different concentrations of NaPAA (50 and 200 ppm) on the acid (a and b)

and base (c and d) treated silica surfaces at T = 25 °C and pH 10.

prevent the precipitation of calcium carbonate. The polymer
can thereby affect different steps of the crystallization process of
CaCO; including forming a complex with ions, nucleation,
stabilizing intermediate amorphous particles, and controlling
the assembly of so-called mesocrystals.'” The polymer NaPAA
can therefore inhibit the formation and growth of CaCOj,
particles as they adsorb on the CaCOj crystal surface.

3.4. Kinetics of CaCO; Deposit Formation on Solid
Surfaces. Ellipsometry was used to follow the kinetics of the
crystal deposition/formation on hard surfaces in the presence
of polyelectrolyte as NaPAA turned out to be the most
promising with respect of reducing crystal growth. In addition,
the solution turbidity in the presence of oleate was too high to
use ellipsometry to in situ follow the deposition process. The
studies were conducted under conditions that mimic the ADW
conditions, namely, at pH 10 and with hard water (21°dH, 4
mM Ca’") using different concentrations of polyelectrolyte.
The surface deposition was monitored and correlated to the
formation and growth of CaCOj; particles in bulk and at
surfaces. Figure 10 shows the adsorbed amount from a CaCOj;
dispersion in the presence of NaPAA on an acid treated silica
surface (Figure 10a,b) and base treated silica surface (Figure
10¢,d) at SO ppm (Figure 10a,c) and 200 ppm (Figure Sb,d).
The adsorbed amount on all surfaces increased sharply with
time when polymer NaPAA was added to the hard water until it
reached a plateau value. For the acid treated silica surface, the
adsorbed amount of polymer or particle increases with
increasing polymer concentration. For the base treated silica

21123

surface, however, the adsorbed amount is not significantly
affected by the polymer concentration. We also note that the
adsorbed amount at the acid treated silica surface is 2 to 3 times
larger than that at the alkali treated silica surface. In order to
test the reversibility of the deposition, the bulk solution was
continuously replaced with water (rinsing step using 20 times
the volume of the cuvette). The results show that, when rinsing
with pure water was performed (arrow shown in Figure ),
total desorption occurred within minutes, suggesting that the
deposited layer is reversibly attached to the silica surface. The
adsorption mechanism can be thought of as either adsorption
of polymer film on the surface or attachment of crystals to the
surface. The initial increase of adsorbed amount is likely due to
the adsorption of polymer on the hard surface. On the basis of
the experimental data, the adsorption process in the presence of
CaCOj; can be divided in two steps. First, the added polymer
molecules adsorb on the hard surfaces as well as on particle
surfaces in the dispersion, respectively. Then, the particles
covered with polymer adsorb on the hard surface with adsorbed
polymer. The adsorption of polymer on the substrate can also
inhibit the particle deposition. As reported previously, polymers
and other scale control additives affect CaCOyj crystallization in
a multitude of ways. This includes molecular binding of Ca®*
ions, affecting nucleation and growth of crystals, as well as
stabigizing the formed crystals as dispersant against aggrega-
tion.”'

3.5. CaCO; Crystal Morphology of Hard Surfaces. The
solid surface is not expected to affect the crystallization
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pathway, but the crystallization process affects the surface
deposition and which particles can attach to the surface. Here,
the surface properties of the substrate play a crucial role in
determining which types of calcium carbonate particles are
adsorbed/formed at a solid surface.”>* In order to be able to
relate precipitation to the particle adsorption, it is important to
characterize the calcium carbonate particle size and shape both
formed in the bulk and on the substrates. The CaCOj crystal
morphology and structure on different hard surfaces in the
presence of K-oleate and NaPAA at 55 and 25 °C were studied
by SEM. Representative SEM images of CaCO; crystals
formed/deposited on stainless steel and acid treated silica
surfaces, recorded after 1 h at 55 °C, are shown in Figure 11.

Figure 11. SEM images of CaCOj crystals formed in the presence of
K-oleate at different concentrations on hard surfaces at T = 55 °C and
pH 10. (1) Stainless steel surface: (a) SO ppm, (b) 200 ppm, and (c)
400 ppm. (2) Acid treated silica surface: (d) SO ppm, (e) 200 ppm,
and (f) 400 ppm. The reaction time is 1 h.

Here, it should be noted that the CaCO; crystals on the base
treated silica surface were almost identical to those on the acid
treated silica surface and are therefore not shown. Also, on the
surface, two types of CaCOj; crystals, namely, calcite and
aragonite, dominate (Figure 11). In contrast to the crystals
formed in bulk dispersion (Figure Sb), the rhombohedral
calcite crystal is predominant on hard surfaces in addition to a
few flowerlike aragonite crystals that were observed in the
presence of 50 ppm K-oleate (Figure 11a,d). This indicates that
the calcite crystals are more likely to adhere/form on the
surface than the other polymorphs. However, at high
concentration of K-oleate, the flowerlike aragonite crystal is
predominant on the surfaces (Figure 1lcf). The fibril-like
aggregates in Figure 1la are most likely Ca-soap aggregates.
The surface morphology of crystals becomes rather rough and
porous. In addition, more amorphous particles and Ca-soap

aggregates adsorbed on the surface of crystals are observed with
increasing K-oleate concentration. The size of the crystals on
the surface are about 3 um for calcite and S um for aragonite,
which is almost the same size as those formed in the bulk
solution. This suggests that these crystals are formed in bulk
and then attach to the surface. It should be noted that, when
the substrate is acid treated silica (Figure 11d—f), the amount
of crystals on the surface is significantly lower compared with
the amount of crystals on the stainless steel surface. The
observed difference in adsorbed amount can be attributed to
the surface properties. When the pH value of an aqueous
solution is above pH 7, the surface charge of silica and stainless
steel should be negative.”™*”***%* Though the surface charge
for stainless steel in the solution is rather similar to the acid
treated silica surface, the stainless steel surface is considerably
rougher than the silica surface. This might provide more defects
that can act as sites for adsorption of crystals on the surface.
The adsorbed amount of CaCOj particles on the stainless steel
surface is consistently larger than those on the silica surfaces.”!

The corresponding SEM images of CaCOj crystal formed in
the presence of K-oleate on hard surfaces at 25 °C are shown in
Figure 12. Similar to the particles in bulk solution, the calcite

Figure 12. SEM images of CaCOj crystals with K-oleate concentration
on hard surfaces at T = 25 °C and pH 10. (1) Stainless steel surface:
(a) SO ppm and (b) 200 ppm. (2) Acid treated silica surface: (c) SO
ppm and (d) 200 ppm. The reaction time is 1 h.

crystal is predominant in all the samples. Two types of CaCOj;
particles formed in the presence of 50 ppm K-oleate adsorb/
form on both types of hard surfaces, namely, rhombohedral
calcite crystal and spherical particles with a size of S ym (Figure
12a,c). On the stainless steel surface, the calcite crystal is
staircase-like and the spherical particles are looser and pretty
rough. In contrast, the calcite appears as regular cubic crystals
and the spherical particle is denser and smoother on the acid
treated silica surface. The amount of irregular Ca-soap
aggregates on both surfaces increases with the concentration
of soap, and the surface of crystal particles and substrates
becomes rougher.

The time dependence of the CaCO; deposition on stainless
steel, acid treated silica, and base treated silica incubated in hard
water with NaPAA was followed for 10 min, 1 h, and 10 h at 25
and 55 °C. However, we did not observe any CaCOj crystal
adsorbed on the surfaces when the incubation time is 10 min
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for both temperatures and 1 h for 55 °C. Thus, only SEM
images of samples obtained after 1 h at 25 °C and 10 h at 55 °C
will be discussed. The adsorbed amount of particles at 25 °C is
fairly low in all samples, and only a few irregular small particles
are found on the surfaces (Figure 13a). In fact, particles were

Figure 13. SEM images of CaCOj crystals with NaPAA concentration
(200 ppm) on hard surfaces at 25 °C and 1 h for (a) and 55 °C and 10
h for (b—d). (1) Stainless steel surface: (a and b). (2) Acid treated
silica surface: (c). (3) Base treated silica surface: (d).

only observed on the stainless steel surface at 25 °C. The
substrate surfaces became rougher because of the adhesion of
polymer film on the surface. The adsorbed amount and
thickness of polymer layer on the surface should be around 2.5
mg/m? by ellipsometry measurements (Figure 10) and 80 nm
thick as estimated from the AFM measurements (Figure 14). In
addition, the amount of particle on the stainless steel surface is
larger than on the two silica surfaces, which can be attributed to
the rougher surface of stainless steel. The SEM images in Figure
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Figure 14. Taping-mode AFM height images (a and c) and the
corresponding 3D images (b and d) of adsorbed layer on the acid
treated silica surface from hard water with different concentrations of
NaPAA for 1 h: (a and b) 50 ppm, (c and d) 200 ppm. T = 25 °C and
pH = 10.
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13b—d show that there is no large difference between CaCO;
deposits on three surfaces at 55 °C. There is only one kind of
crystal adsorbed on the surface, and the adsorbed amount is
fairly low. They seem to be trumpet-like aragonite crystals, and
these particles tend to aggregate on the surface. From Figure
13, it appears that the particles adsorbed on the surfaces were
also well covered by NaPAA. It is clear that the presence of
polymer NaPAA inhibits the crystallization of CaCOj; in bulk
and significantly reduces CaCOj particle deposition/formation
on the different surfaces. This is likely due to the effect of
polymer adsorbing to the growing crystal as well as to the hard
surfaces.

AFM measurements were performed to gain insight into the
morphology and structure of CaCO; in the presence of
polymer on a hard silica surface on the nanometer scale. Figure
14 presents typical images of layers formed on the silica surface
from CaCOj; solution with NaPAA after 1 h. The images
feature a layer with high roughness and islands of rather well-
defined crystals. This indicates that the layer closest to the hard
surface consists of NaPAA. At S0 ppm (Figure 14ab), both
continuous domains and islands are observed and the surface is
pretty rough. The height of this film is about 40 nm. We note
that there is a streaky pattern at low polymer concentration.
This can possibly be a consequence of material being moved
around on the surface by the tip. Randomly distributed patches
with a thickness of about 80 nm are observed when the
concentration of polymer reaches to 200 ppm (Figure 14c,d).
In addition, the surface at 200 ppm appears to be smoother
than that at 50 ppm. The observed increase of the surface layer
thickness with polymer concentration means that the polymer
either adsorbed as aggregates or adopted a more extended
conformation and protruded into the solution. These results are
in good agreement with ellipsometry results on the acid treated
silica surface.

4. DISCUSSION

4.1. Formation and Growth Mechanism of CaCO;
Crystals with Polyelectrolyte and Soaps in the Bulk.
The classical nucleation theory of CaCOj; as well as from the
recently presented findings of a prenucleation cluster path-
way" give important leads that can explain the formation and
growth mechanism of CaCOj; in the studied system. The
addition of an interacting polymer, NaPAA, or surfactant,
oleate, to the crystallization solution can modify the ongoing
processes in various different ways:*®

(1) The polymer or surfactant can block or retard the
clustering of single ions to the nucleus by forming a
complex with the ions, which makes assembly effects
more significant than the classical crystallization route.
This is particularly important for the oleate, which is
known to form dicarboxylic acids bridged by calcium

'%29 This can in turn lead to formation of larger

aggregates.

The additive can act as a nucleation agent by lowering

the interface energy of subcritical and critical nuclei,

©)

increasing the number of primary nanoparticles.
Metastable intermediates stabilized by colloidal forces,
such as amorphous precursor structures, can be formed
and prevent/retard crystallization.

The shape/properties of the primary nanoparticles can
be changed by selective adsorption and/or enrichment

®3)

(4)
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onto specific crystal faces, which inhibits growth from
these crystal faces.

First, we would like to point out that not only one
mechanism can explain our results, but one should consider a
competition of the different processes, 1—4. The type of
additive and the concentration of the additive determine the
relative importance of one mechanism compared to the other.
We observed clear effects of the type of additive on the surface
structure and morphology of the formed CaCOj crystals.

The addition of minor amounts (50 ppm) of soap (K-oleate)
had two effects. On the one hand, all the crystalline species
became very homogeneous in morphology and size. This is
easily explained by a better control of nucleation by the
surfactant, which is also reflected by the increasing number and
decreasing size of CaCOj particles with increasing oleate
concentration as shown by the DLS and turbidity results. The
observed tiny (cubic) crystals on the surface of calcite crystal in
the presence of oleate indicate that the crystallization
mechanism changes from ionic growth to mesoscale assemble
according to route (1). The formed crystalline superstructures
become rougher, and some crystal corners/edges became
rounded (Figure Sb).

The presence of polymer, NaPAA, on the other hand, leads
to the formation of nanosized particles that appear to aggregate
into large particles after centrifuging the dispersion. A polymer
NaPAA can alter the shape of the primary nanoparticles by
selective adsorption and/or enrichment onto specific crystal
faces, which leads to growth inhibition of these crystal faces.
The route (4) could therefore explain the mechanism of
CaCOj crystallization in the presence of NaPAA. Thus, this
type of polymer has the potential to control or even inhibit the
growth of crystals in the bulk solution. Likewise, additives such
as polyelectrolytes were shown to be capable of stabilizing
nanosized CaCO; particles,”” because they can effectively
increase their colloidal stability.”**® In fact, we observed from
the DLS and turbidity data that the CaCO; particles formed in
the presence of the polyelectrolyte were smaller and also more
stable against sedimentation than those formed in the presence
of K-oleate. Furthermore, as a polyelectrolyte, NaPAA, strongly
binds free Ca®" ions, and the free Ca?* ion concentration
decreases and thus slows down the related speed of crystal
growth.”” When the relative amount of carbonate ions
increases, they will compete with the PAA ions for the highly
localized and enriched Ca** close to the NaPAA backbone,
presumably initially forming a mixed nanoparticle composed of
hydrated, amorphous CaCOj; and NaPAA.

4.2. Adsorption Mechanism of CaCO; Particles on
Hard Surfaces in the Presence of Polyelectrolyte and
Surfactant. It is clear that the presence of oleate and NaPAA
results in drastic changes in the crystallization of CaCOj as well
as the colloidal stability of the formed particles. This leads to
significant reduction in the tendency of CaCOj; to adsorb on
the different surfaces. The attachment of CaCOj particles to
hard surfaces is at least partly controlled by the surface charge
and the structure of the surfaces. Here, it should be noted that
silicon surfaces always have a spontaneously formed oxide layer
that, when exposed to water, contains surface silanol groups.
Silanol groups are amphoteric: they can act as either a donor or
acceptor of a proton. The average charge density of silanol
groups on the silica surface varies with the pH and added
salt.”>>* When the pH value of an aqueous solution is above
pH 2.5, the net surface charge of silica is expected to be

negative. The alkali treated silica surface has more negative
surface charge density compared to an acid treated silica in
alkali solution.”® The surface charge for stainless steel (304) is
also pH dependent. The zero net charge (IEP) for stainless
steel particles is attained at pH ~ 3.4, and similar values were
obtained for a flat stainless steel surface with streaming
potential measurements; i.e., the surface has a negative charge
at alkaline pH values.””** Cationic polyelectrolytes readily
adsorb to the silica surface because of the attractive interaction
with the oppositely charged surface.****~*° This is not the case
for anionic polyelectrolyte, where the electrostatic repulsion
between the polymer and the ionized silanol groups prevents
adsorption. However, the presence of Ca®" ions will efficiently
screen the electrostatic repulsion between the anionic
polyelectrolyte and the negative silica surface. In addition,
they can bind strongly to the anionic polyelectrolyte and even
reverse the effective charge of the polymer and also in the case
of neutralization decrease the solubility of the polymer. Both
factors will promote polymer adsorption. Furthermore, Ca’* is
shown to interact strongly with the silica surface to reduce and
even reverse the charge.”' This is indicated in Figure 15. In

: .
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Figure 15. Schematic representation of how oleate and polyelectrolyte
(polyacrylate) can reduce deposition of CaCO; on surfaces, by
preventing particle growth and passivation of the surface. Two cases
are shown for oleate: low soap concentration with low deposition and
high soap concentration with codeposition of soap and CaCO;. Note
that smaller particles are formed in the presence of the polymer and
that separate calcium oleate crystals are likely to form in the presence
of oleate and calcium. For both, the anionic polymer and oleate
binding of calcium facilitates adsorption on the negatively charged
surface. In the case of oleate, each calcium binds two fatty acids
according to Scheme la—Ic.

addition, the silica surface has a fairly low negative surface
charge density even at alkaline pH, typically about, 320 A” per
charge for silica, depending on the ionic strength.54 In addition,
the silica surface is expected to have some siloxane groups
which are more hydrophobic,”” and therefore, the hydrophobic
chain of polymer can interact with these surface groups,
promoting polymer adsorption. In fact, strong hydrophobic
interactions may overcome the loss of entropy and electrostatic
repulsion, and therefore, even anionic polyelectrolytes under
the conditions used in the present study can adsorb to the
surface.””*” The adsorbed amount of the anionic polymer is
higher on the acid treated silica surface than on the base treated
silica surface, which has a higher negative charge density
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(Figure 10).* The adsorbed amount on the stainless steel
surface is close to that on the acid treated silica surface. Here, it
should be noted that the stainless steel surface is considerably
rougher than the silica surface and might therefore provide a
larger effective surface area as well as more defects for
adsorption of polyelectrolyte and the particles on the surface.

It should also be noted that the oleate also potentially makes
the crystals more hydrophobic, which is used in flotation
applications.'® This effect can explain the larger particles due to
aggregation and subsequent sedimentation in the case of oleate.

5. CONCLUSION

The aim of this study was to provide the necessary knowledge
to develop processes and additives that reduce calcium
carbonate deposition during the ADW process. We have
investigated the effect of K-oleate and NaPAA on the
crystallization behavior of CaCOj in the bulk solution and on
hard surfaces at different temperatures and found that the
surfactant or polymer plays a critical role in controlling the
nucleation and growth of CaCOj; crystal as well as their
adsorption on hard surfaces. On the basis of the results
obtained from SEM, ellipsometry, and DLS measurements, it is
clear that the presence of additives, especially polymer NaPAA,
hampers the CaCOj; crystallization and crystal growth in bulk.
These formed particles were also found to have higher colloidal
stability. The polymer was therefore found to significantly
reduce CaCOj; particle deposition/formation on the different
surfaces.

The inhibition of CaCOj particle adhesion can be attributed
to the adsorption of the polymer on the growing crystal and on
the solid surfaces. The presence of the inhibitor also changes
the crystal morphology of both the adhered and precipitated
crystals, which in turn hampers crystal growth.”" Figure 15
schematically illustrates a situation where the additives inhibit
deposition by adsorbing both to the substrate and particle
surface. The electrostatic repulsion between adsorbed surfac-
tant or polymer and coated CaCOj; particles in the bulk is
thought to be one of the main factors that limits the particle
deposition. In the case of the polymer, steric repulsion is likely
to contribute. The formed particles in the presence of the
polymer were also found to have higher colloidal stability. The
polymer was therefore found to significantly reduce CaCOj,
particle deposition/formation on the different surfaces. Here,
also polymer adsorption on the hard surfaces would contribute.

The influence of the fatty acid soap, K-oleate, is more
complex. At low concentration, the K-oleate seems to reduce
crystal growth by adsorption to the CaCOj particle surface.
This is consistent with the efficiency of soaps where, e.g,
potassium oleate is one of the common surface-active
components used in industrial applications like flotation. Our
experimental results indicate that calcium oleate crystals are
likely to form in the presence of oleate and calcium. Such
crystals or aggregates can also adhere to the solid surface as well
as to the CaCOj crystals. There will always be a competition
between the adsorption on the already formed CaCOj crystals
and the formation of separate calcium soap aggregates that
eventually can attach to already formed CaCOj; crystals or
provide the nucleation site for CaCOj crystal growth. In order
to be able to separate between the two mechanisms, more
extensive kinetic studies are required beyond the scope of the
present study. At high K-oleate concentration, the formation of
codeposits of calcium soaps and CaCOj is apparent both in
bulk and at the interface. The formation of such codeposits is

partly due to hydrophobic interaction. In the ADW application,
the high soap concentration corresponds to the cleaning of
greasy dishes.

The present study shows that, in order to understand the
mechanism of surface deposition of CaCO; on solid surfaces in
order to control it by additives, one needs to consider the bulk
crystallization as well as the colloidal stability of the formed
particles. It is clear that the polymer NaPAA is much more
efficient than the K-oleate in inhibiting the deposition of
CaCOj; on hard surfaces in the ADW (automatic dishwasher)
process. This is manifested by the significantly smaller and
more stable CaCOj; particles against sedimentation and
deposition.
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