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Abstract: In this study, a series of characterization analyses were performed on both uncoated
commercial calcites and commercial calcites modified via hydrophobic coating with stearic acid (SA);
the effect of the coating process on specific physical properties (particle size distribution [PSD], BET
surface area, porosity, bulk (or free flowing) density, and moisture content) and surface properties
(water contact angle [0warer], surface free energy [SFE], and zeta potential [ZP]) was investigated in detail.
The commercial calcites used in the studies are Ground CaCO;, GCC, Nidascarb 70; SA-
coated/modified GCC; M-GCC, Nidascarb 70T; Precipitated CaCOs, PCC, adaCAL N1, and SA-coated
PCC; M-PCC, adaCAL N1C. The results showed that the hydrophobic coating process reduced the
particle size of both products (GCC and PCC), but this reduction was more pronounced in fine particles.
At the same time, it decreased and disappeared in coarse particles. One of the most striking results
concerned surface area: the coating process increased the surface area of GCC, thereby decreasing the
surface area of PCC, owing to PCC's porous aggregate structure composed of nano-
cubic/rhombohedral crystal grains. It was determined that the total pore volume of PCC decreased
from 1.04 cm?/g to 0.83 cm?®/g after the coating process. According to Ouauer data, the hydrophobic
character of M-GCC (128.9°) was found to be higher than that of M-PCC (94.3°). Hydrophobic coatings
significantly alter not only the surface properties but also the physical properties of both natural (GCC)
and synthetic (PCC) calcites.

Keywords: hydrophobic coating, calcite, particle size, surface area, bulk density, moisture, contact angle,
surface energy, zeta potential

1. Introduction

The term ‘filler’ is defined in many different ways in the literature depending on its origin
(natural/synthetic, inorganic/organic), properties (particle shape, particle size, surface area, etc.), and
areas of application (plastics, paper, paint coatings, etc.) (Wypych 2000; Rohleder and Huwald 2001;
Ulusoy 2023). However, in general terms, fillers can be defined as fine-sized solid materials that can
alter the processability and final product properties of the material into which they are embedded,
and/or reduce production costs.

Fillers are widely used in the production of various industrial products, primarily paper, plastics,
paints and coatings, concrete, asphalt, and cosmetics (Naydowski et al., 2001; Ulusoy, 2023). The amount
of filler material used in paper production ranges from 5% to 40%, depending on the type of paper
produced (Naydowski et al., 2001). In the plastics/polymer industry, the amount of filler used in the
production of thermoplastics [polyvinyl chloride, polyethylene, polypropylene, polyamide, etc.],
thermosets [unsaturated polyester resin, polyurethane, phenolic resin, etc.], elastomers [natural rubber,
butyl rubber, etc.], adhesives, and sealants varies between 2% and 80% (Naydowski et al., 2001; Sagak,
2005). The amount of filler used in paint coatings ranges from 10% to 70%, depending on the type of
paint (Nadolski et al., 2001).
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Among the numerous mineral fillers known, including calcite, talc, kaolin, silica, barite, and mica,
calcite is undoubtedly the most common and widely used filler worldwide due to its abundant reserves
and low cost. Calcite is used in the plastics and paint coatings industry in both natural (ground calcium
carbonate, GCC) and synthetic (precipitated calcium carbonate, PCC) forms, coated or uncoated
depending on the product type. In contrast, in the paper and pharmaceutical industries, it is used
without a permanent coating.

The main properties of mineral fillers can be listed as follows: particle shape, fineness (particle size)
and PSD, surface area, surface coating/modification process and surface energy, true and bulk density,
chemical purity, hardness, thermal conductivity, and optical (whiteness, refractive index) properties
(Wypych, 2000; Naydowski et al., 2001; Ulusoy, 2023). It is known that fillers have a greater or lesser
effect on the processability of the material into which they are embedded (paper/polymer pulp, paint
suspension, etc.) and the properties of the final product (strength, heat/light/chemical resistance,
hardness, surface smoothness, color, opacity, gloss, etc.) (Gill and Scott 1987; Lam et al., 2009; Lin et al.,
2011; Zhao et al.,, 2016; Ulusoy, 2023). Whether this effect is more or less significant, or positive or
negative, depends on the physical/chemical/surface properties of the filler material mentioned above
(Gill and Scott, 1987; Sagak, 2005; Zhang et al., 2025). Therefore, in the production of any material, it is
necessary to know and continuously monitor at least some of the most important parameters of the filler
to be used (such as particle size, particle shape, surface area, color, oil absorption, bulk density, moisture
content, and coating efficiency if a coating is to be applied). On the other hand, problems such as product
flow difficulties and silo clogging that arise during the transportation, storage in silos, unloading from
silos, and packaging of such fine-sized powder products produced by ore processing (crushing-
grinding-screening/ classification) or special chemical production methods, and which cause both time
and economic losses in production facilities, stem mainly from two main reasons: one is design issues
in silo/ packaging/transportation design, and the other is fluctuations/changes in the basic properties
of the products in question (Shinohara and Takahashi, 2006; Ulusoy, 2023).

Surface modification or coating applied to mineral fillers plays a significant role in the interaction
between mineral particles and plastic materials (Lu et al., 2005). The primary function of surfactant is to
reduce the relatively high surface energy of filler material, bringing it closer to the surface energy of the
matrix (i.e., the polymer paste), thereby ensuring better dispersion of the filler within the matrix and
improving the properties of the final product (Lu et al., 2005). However, some studies indicate that the
applied coating filler significantly affects not only surface properties (hydrophobicity/8uwatr, SFE, ZP,
etc.) but also other physical properties (particle size, surface area, bulk density, moisture content, etc.)
(Cayrrh et al., 2020; Huang et al., 2025). On the other hand, it is interesting to note that when examining
the Technical Data Sheets (TDS) of commercial coated or uncoated PCC products with rhombohedral
or cubic crystal structures, the primary crystal grain size determined by SEM or other specialized
methods is generally reported. However, it is noteworthy that particle-size data (dio, dso, doo), measured
using widely applied methods such as laser diffraction and Sedigraph, are generally not included in the
TDSs.

Another notable point is that both the effectively used uncoated GCC (Nidascarb 70) and the coated
M-GCC (Nidascarb 70T) products in this study have the same particle size data in their TDS. Although
there are numerous articles in the literature regarding the effect of coating on the surface properties (6.,
ZP, etc.) of GCC/PCC, the number of studies investigating its effect on other physical properties
(particle size, surface area, moisture content, etc.) is limited (Cayirh et al., 2020; Huang et al., 2025).
Cayrrhi et al. (2020) found that the dso of uncoated GCC, 5.2 um, decreased to 4 pm after coating with 1%
SA. Huang et al. (2025) investigated the hydrophobicity, water vapor adsorption, and other physical
properties (particle size, surface area, porosity) of PCC with a constant coating ratio (4.2%) in slurry
form using two different coating agents (SA and sodium stearate). In conclusion, they showed that the
primary crystal grain size of PCC increased from 50 nm to 55-60 nm as seen in SEM and TEM images,
but the average particle size (dso) measured by laser diffraction decreased from 1.16 pm to 0.85-0.95 pm,
and also that water vapor adsorption occurred as follows: Stearate-coated PCC > SA-coated PCC.
Furthermore, it was determined that the BET surface area of uncoated PCC, 22.14 m?/g, decreased to
21.96 m?/g after coating with sodium stearate and to 18.82 m?/g after coating with SA. It was also
reported that the PCC coating pore volume decreased significantly.
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Despite extensive research on stearic acid-coated calcium carbonate, direct comparative studies
between commercially available GCC and PCC products under industrially relevant conditions remain
scarce. Moreover, the effects of hydrophobic coating on both the physical properties (PSD, BET surface
area, porosity, bulk density, and moisture content) and surface properties (Buarer, SFE, and ZP) have not
been systematically evaluated within a unified experimental framework. In particular, the effect of
stearic acid coating on commercially available PCC products with porous aggregate structures remains
poorly understood.

Therefore, the objective of this study was to comparatively investigate the effects of stearic acid
coating on the physical and surface properties of commercial GCC and PCC products. Coated (M-GCC
and M-PCC) and uncoated (GCC and PCC) samples were characterized in terms of particle size
distribution, morphology, BET surface area, porosity, bulk density, moisture content, O, SFE, and ZP.
The results provide a comprehensive comparison of the coating responses of natural and synthetic
calcium carbonate products and contribute to a better understanding of the relationship among particle
morphology, porosity, and surface-modification behavior.

2. Materials and methods

2.1. Materials

Commercial calcite powder products, both coated and uncoated with stearic acid (SA), were obtained
from different companies. Information regarding the products used in this study is presented in Table
1. Particular attention was given to selecting commercial products with relatively fine particle sizes and
comparable coating characteristics.

Table 1. Information on commercial powdered calcite products and their manufacturers used in this study

Commercial Abbreviation Description Manufacturer Name
Product Name (Place of Manufacture)
Nidascarb 70 GCC Uncoated natural calcite

Nidas Mining Industry and
Trade Inc. (Nigde-Tiirkiye)

Nidascarb 70T M-GCC 1% SA* coated natural calcite
adaCAL N1 PCC Synthetic calcite (Precipitated calcite)
Adacal Industrial Minerals Inc.
) ) (Emirdag / Afyon/Tiirkiye)
adaCAL N1-C M-PCC 3.9% SA* coated synthetic calcite

GCC: Ground Calcium Carbonate; PCC: Precipitated Calcium Carbonate, M: Modified/Coated; *Declaration of

companies

Chemical compositions of the samples were determined using a Rigaku Supermini X-ray
fluorescence (WDXREF) spectrometer. As shown in Table 2, although the chemical compositions of both
products are similar, the SiO: and ALOs contents in GCC and M-GCCC are higher than those in PCC
and M-PCC.

Table 2. Chemical analyses of the products

Content (%) GCC M-GCC PCC M-PCC

CaO 53.90 55.20 54.20 54.52
SiO; 1.00 0.44 0.08 0.16
AO; 1.03 0.19 0.02 0.05
MgO 0.08 0.33 0.08 0.21
SO; 0.03 0.02 0.14 0.16
P20s 0.06 0.05 0.11 0.01
FexOs 0.02 0.04 0.03 0.08
KO 0.03 0.04 0.02 0.03
SrO 0.03 0.03 0.03 0.03
LOI* 43.84 43.70 45.30 44.76

*Loss on ignition
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2.2. Methods
2.2.1. FTIR analysis

FTIR analyses of calcite products and SA were performed using the FTIR instrument (Thermo
Scientific™ Nicolet™ IS5 FTIR Spectrometer) located in the Polymer Chemistry Laboratory of the
Department of Chemistry. FTIR spectra were recorded over the range 400-4000 cm™ at a resolution of
4 cm! using the KBr pellet technique. The KBr pellets were prepared by mixing the calcite sample with
KBr powder (around 1:100) and using a hydraulic press.

2.2.2. Particle size distribution (PSD) analysis

Particle size distribution (PSD) analysis of powdered calcite samples was performed using the wet
method with a Malvern Mastersizer 2000/ Hydro 2000MU instrument, which analyzes based on the
principle of laser diffraction. In the measurements, while pure water was used for uncoated products
(GCC and PCC), isopropyl alcohol (2-propanol) was used as the dispersing medium for coated products
(M-GCC and M-PCC). Approximately 0.01 g of the sample was added to a 1-liter beaker containing 800
mL of pure water (or isopropyl alcohol), and the “laser obscuration” value was maintained within the
green range (3-10%). The mixture was stirred for 1 min, followed by 1 min of ultrasonic vibration, after
which particle-size measurements were performed. The device performs three separate measurements
for each sample during analysis and provides the average of these three measurements as a final result.
The pure water used during the measurements had a conductivity of 3.4 pS/cm and a pH value of
approximately 7.4.

2.2.3. SEM analysis

SEM analyses were performed to examine the particle morphology of coated (M-GCC and M-PCC) and
uncoated (GCC and PCC) calcites and to verify the particle-size analysis results obtained by the laser
diffraction method described above. These analyses were performed using SEM instruments at AKU-
TUAM (Zeiss EVO 50) and Adagal (Zeiss EVO LS10), and the powder samples were coated with gold
using a coating device prior to measurement.

2.2.4. BET surface area measurement

BET surface areas (m?/g) of the powder samples were measured using a BET device (Quantachrome
Instruments-NOVA 2200e), and the samples were degassed at 200 °C for 2 hours before measurement.

2.2.5. Porosity analysis with a mercury porosimeter

Porosity analyses of PCC and M-PCC products were performed using a mercury porosimeter (Anton
Paar Quantachrome Poremaster 60) in the Central Research Laboratory of RTE University. Pore size
distribution and cumulative pore volume curves as a function of pore diameter were obtained.
Approximately 0.60 g of sample was used in the measurement.

2.2.6. Contact angle () measurement and determining the OWRK-Fowkes SFE

Before contact angle () measurements, calcite powder samples were compressed into tablets (32 mm in
diameter) using a hydraulic press at 300 bar pressure. Next, these prepared tablets were placed in the
contact angle measuring device (KSV Attension ThetaLite TL 101-Biolin Scientific), the camera settings
were adjusted, a drop of liquid was placed on them, and 0 was measured immediately. Two types of
liquids were used in the measurements: one polar (water) and one non-polar (bromonaphthalene). The
0 value measured at 2 sec served as the basis for interpretation and SFE energy calculations. Three
different images (0) were taken from different locations on each tablet sample, and the average or closest
measurement was recorded as 6. While the water droplet volume was approximately 6-8 pL, the
bromonaphthalene droplet volume was approximately 3-4 pL. Laboratory measurements recorded an
ambient temperature of 25-27 °C and a humidity level of 32-34%. Before the § measurement, an air-
blowing process was applied to remove any potential dust particles from the tablet samples' surfaces,
and no other special surface-cleaning process was performed. After the measurements, the 0 values
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obtained for each liquid were calculated using the instrument via two equations with two unknowns in
the OWRK-Fowkes equation (Eq. 1) given below to determine the SFE (y; ) of the calcite products and
their polar (y5, = y?) and distributional (y4, = y¢ components.

Here, v is equal to the sum of the components yf veyd.

/vé‘vvf‘v + /YE’VY}’V = 0,57, (1 + cos6) 1)

Additionally, to verify the reproducibility of the measurements, contact angle measurements were
repeated on independently prepared tablets, and consistent results were obtained.

2.2.7. Zeta potential (ZP) measurements

ZP measurements of powder samples were performed using a zetameter (Malvern-Zetasizer Nano
Series Nano-Z) in Adacal. 100 mL of distilled water was added to a 250 mL beaker, placed on a magnetic
stirrer, and a small amount (=0.1 g) of sample was added using a spatula and stirred for 2 min. Then, a
sample was taken from the suspension with a syringe and injected into the ZP measurement cell, taking
care to avoid air gaps. The cell was then placed in its position on the zetameter, and first the
conductivity, then the ZP measurement was performed. The measurement temperature on the
zetameter was set to 20 °C. After stirring and before the ZP measurement, the suspension's natural pH
was measured and recorded with a pH meter. The conductivity of the distilled water used was 3.4
pS/cm, and the pH value was ~7.4. pH measurements were performed using a pH meter (Mettler
Toledo SevenExcellence) with an accuracy of +0.001.

2.2.8. Moisture analysis

The moisture content of the products was determined using a rapid IR (infrared) moisture analyzer
(AND MX-50) at 105°C. Approximately 2.5 g of powder sample was used. The sensitivity of the device
was *0.01 (%). Three analyses were performed for each product, and the average value was taken.

2.2.9. Determination of bulk (or free flowing) density

The bulk densities of the products were determined using equipment manufactured in accordance with
DIN ISO 697 (Haver & Boecker OHG). A sample of the product to be measured was taken and placed
in the equipment's upper chamber. Then, the lower lid of the chamber was opened, and the sample was
poured into a sample cell (500 mL volume and 605.4 g tare weight). The sample cell was then weighed
to determine the product's bulk density. Three analyses were performed for each product, and the
average value was taken.

3. Results and discussion
3.1. FTIR analysis

To observe the interactions of the coating agent SA with GCC and PCC, FTIR spectra of SA were
obtained along with uncoated (GCC and PCC) and coated powdered calcite samples, and the resulting
spectra are given in Fig. 1. The peaks of SA in the 2850-2950 cm! band arise from the characteristic C-H
stretching vibration in the hydrocarbon chain of SA, while the peak in the 1700 cm™ band originates
from the characteristic C=0O stretching vibration in the carboxyl (COOH) group of SA, the peaks in the
1300-1500 cm! band originate from the C-H bending vibration of the hydrocarbon chain, and the peaks
in the 700-950 cm! band, referred to in the literature as the fingerprint region (1300-650 cm-?), originate
from the C-O bending vibration in the carboxyl group (Yildiz et al., 1997; Stuart et al., 1998; Croitoru et
al., 2017). As described in the literature (Salisbury et al., 1991; Shi et al., 2010; Croitoru et al., 2017),
characteristic calcite peaks are observed in the FTIR spectra of both uncoated GCC and PCC, as well as
coated M-GCC and M-PCC. The strongest of these peaks is observed at approximately 1440 cm and
originates from the C-O asymmetric stretching vibration in the COs group. Other strong peaks observed
in the range of 712 cm™ to 874 cm™ correspond to C-O bending vibrations in the CO; group. The peak
observed at 1797 cm-! is assigned to the C-O symmetric stretching vibration (Rodriguez-Blenco, 2011).
Comparing the spectra of GCC and PCC with those of M-GCC and M-PCC reveals two small peaks in
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the 2850-2950 cm! band in the coated/modified products. These peaks are characteristic C-H stretching
vibrations in the hydrocarbon chain of SA and indicate that hydrophobic coating occurred. However,
notably, these peaks in the M-PCC are somewhat stronger and sharper than those in the M-GCC.
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Fig. 1. FTIR spectra of uncoated (GCC and PCC) and coated (M-GCC and M-PCC) powdered calcite products and
stearic acid (SA) used in the coating

3.2. Particle size distribution (PSD) and SEM analyses

Normal distribution curves obtained from the PSD analysis of coated and uncoated products are given
in Fig. 2. Cumulative undersized (CUS) curves are given in Fig. 3. Evaluation of the PSD and CUS curves
together indicates that the particle size distributions of the hydrophobically coated products shifted
toward smaller particle sizes, suggesting an increase in the amount of fine-sized material. However, this
leftward shift is more pronounced at finer sizes, while it decreases and disappears at larger sizes; in fact,
a rightward shift, i.e., particle coarsening, is even observed for M-PCC. The reduction in particle sizes
of GCC and PCC observed after coating may be attributed to the adsorption of SA molecules on the
particle surfaces, which lowers surface energy and reduces particle agglomeration.

In the literature, this mechanism is known to play a particularly important role in the aggregation of
colloidal- and nano-sized mineral particles (Lin et al., 2002; Teychené et al., 2020; Ersoy et al., 2026).
However, this is not true for all particles in the product; in other words, the tendency to aggregate
together persists despite the hydrophobic coating on larger particles. This behavior may indicate that
the coating process affects fine and coarse particles differently. Specifically, with relatively fine particles,
the coating process primarily disperses the particles by reducing surface energy, thereby decreasing the
tendency for aggregation; with relatively large particles, hydrophobic attractive forces come into play,
preventing dispersion.

In the literature, a study on the relationship between mineral particle size and hydrophobic force
using modified nano-silica reported that increasing the particle size increased the hydrophobic
attractive force (Zhang et al., 2024). The dio, dso (average), dso, and dy; (top cut) values, which represent
the fine, medium (i.e., average), coarse, and very coarse (top cut) portions of the products and are
commonly used in practice, are given in the small table in Fig. 3. As seen in Fig. 3, the particle size of
M-GCQC is finer than that of GCC. However, this difference is more pronounced at dig and ds, but not
so much at dg and dy;. The average particle size (dso) for GCC was 2.59 pm, and for M-GCC, 2.03 pm. A
similar result was reported in a study on GCC modification (Cayirl et al., 2020), which found that the
SA coating process reduced the ds particle size from 5.2 um to 4 pm. However, the situation is different
for PCC: while a decrease in dip and dsp values is observed after coating, increases were observed in dgo
and especially dy; values. The average particle size (dso) for PCC was 8.49 pm, and for M-PCC, 6.82 pm.

In a study in the literature (Huang et al.,, 2025), PSD curves similar to those in this study were
obtained using rhombohedral PCC, and it was determined that the coating process broadened the PSD
curve and reduced the dsy particle size; however, no information was given for larger particle sizes such
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as dgo and dy;. On the other hand, comparing the curves of natural calcite (GCC) and synthetic calcite
(PCC) reveals a significant difference in particle size between the two, with GCC being finer than PCC.
A similar situation exists between modified products (M-GCC and M-PCC). This is because the
production processes for GCC and PCC are different.
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Fig. 2. Normal distribution curves of particle size of products measured in wet environment
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Fig. 3. Cumulative particle size curves and dio-do; table data of products measured in wet environment

GCC is a natural product produced by grinding naturally occurring calcite (CaCOs), while PCC is a
synthetic product produced by chemical precipitation in a reactor. GCCs generally consist of irregular,
angular, blocky, non-porous particles (Figs. 4a and b). In contrast, PCC particles are spherical or
irregular aggregates and contain porosity due to the aggregation of nano-sized cubic/rhombohedral
primary crystals formed during reactor fabrication (Figs. 5a and b, Figs. 6 and 7).

SEM analyses were performed to examine the particle morphologies of the products and to validate
the PSD data measured by laser diffraction. As shown in the SEM images the SEM in Figs. 4a, b and 5a,
b, the coated products exhibit a slightly smaller average particle size (dsp) than their uncoated
counterparts, and these images support the PSD analysis results.

3.3. BET surface area measurement and porosity analysis

BET surface area measurements for coated and uncoated products are presented in Table 3. As shown
in Table 3, the surface areas of both the coated (M-PCC) and uncoated (PCC) synthetic calcites are
significantly higher than those of natural calcites (GCC/M-GCC). The main reason for this is that natural
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Fig. 5. SEM images of PCC (a) and M-PCC (b) products taken at 7000X magnification

significantly higher than those of natural calcites (GCC/M-GCC). The main reason for this is that natural
calcites exist as non-porous solid masses (Figs. 4a and b). In contrast, synthetic calcites consist of
nanosized crystalline grains and contain porosity (Figs. 6 and 7). As seen in the SEM images given in
Figs. 6a and 6b, PCC and M-PCC aggregates/particles, consisting of primary cubic/rhombohedral
crystal grains, generally exhibit porosity.

As shown in Figs. 7a and 7b, approximately 90% of the pore volume in PCC and 75% in M-PCC
corresponds to macropores (>50 nm), while the remaining pore volume consists of micropores (2-50
nm). According to the mercury porosimeter analysis, the total pore volumes of PCC and M-PCC are
1.04 and 0.83 cm?3/ g, respectively, with a slight decrease in pore volume after coating. On the other hand,
the coating process caused a significant decrease in the surface area of PCC (from 30.03 m?/g to 19.79
m?/g), while it caused the opposite increase in GCC (from 4.28 m2/g to 5.54 m2/g) (Table 3).

Table 3. BET surface areas and average particle sizes of powdered calcite products

BET Surface Area dso Particle Size

Products (m/g) (um)
GCC 428 2.59
M-GCC 5.54 2.03
PCC 30.03 8.49
M-PCC 19.79 6.82

The decrease in surface area of PCC after the coating process may have resulted from these two
reasons: Firstly, SA molecules entering the pores during coating narrow the pore diameters and reduce
the total pore volume. As shown in Fig. 7a, the pore size distribution curve exhibits a slight shift toward
smaller pore diameters after coating. Secondly, surface irregularities and/or particle boundaries in
PCCs are partially masked by the adsorption of SA molecules onto particle surfaces. The likely reason
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for the increase in GCC surface area after coating is that the decrease in surface energy prevents
aggregation of colloidal-sized (<1 pm) particles within the product, thereby increasing the number of
free particles. The decrease in the GCC dsy value presented in Table 3 supports this interpretation.
Similar results have been obtained in studies in the literature that investigated the effects of SA
modification of PCC (Huang et al. 2025) and GCC (Cayurh et al. 2020) on particle size and surface area.

Fig. 6. SEM images of PCC (a) and M-PCC (b) particles/aggregates containing porosity and consisting of primary
cubic/rhombohedral crystal grains (Magnification: 80000X)
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Fig. 7. Pore size distribution (a) and cumulative pore volume (b) curves of PCC and M-PCC as a function of pore
size

3.4. Moisture and bulk (or free flowing) density analyses

The moisture content analysis results and bulk densities of the products are given in Table 4. As
expected, the coated products (M-GCC and M-PCC) exhibited lower moisture contents than the
uncoated products (GCC and PCC). However, this decline was more pronounced in PCC compared to
GCC. After the coating process (M-GCC and M-PCC), the moisture content of GCC and PCC decreased
t0 0.22% and 0.34%, respectively.

This is because the coating agent SA, which adheres to the particle surfaces, makes the particles
hydrophobic by reducing their attraction to water due to the hydrophobic HC chains on the particle
surfaces. Notably, the reduction in moisture content was more pronounced for PCC than for GCC after
coating (approximately 44%) and is much greater than the reduction in GCC (approximately 21%). On
the other hand, the results indicate that coated or uncoated synthetic calcites (PCC and M-PCC) have
higher moisture content than natural calcites (GCC and M-GCC). The main reason is that synthetic
products have a higher BET surface area, which depends on their particle morphology.

Comparing the bulk density values in Table 4, synthetic calcites (PCC and M-PCC) have lower bulk
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Table 4. Results of moisture and bulk density analysis of powdered calcite products

Products Moisture Bulk Density
(%) (g/cm?)
GCC 0.28 £0.01 0.60 +0.02
M-GCC 0.22 +0.02 0.73 +0.03
PCC 0.62 +0.03 0.38 +0.01
M-PCC 0.34 £0.02 0.41 £0.01

densities than natural calcites (GCC and M-GCC). This is due to the porosity of synthetic calcites
(PCC/M-PCC) (Figs. 6 and 7). Also, their relatively looser packing is due to their larger particle sizes
(Fig. 3). When comparing the bulk densities of coated products (M-GCC and M-PCC) and uncoated
products (GCC and PCC), it was observed that the bulk density increased after coating. Still, this
increase was greater in GCC and less in PCC. The bulk densities of GCC and PCC are 0.60 and 0.38
g/cm?, respectively, while those of M-GCC and M-PCC are 0.73 and 0.41 g/cm?®, respectively. The
primary reason for the increase in bulk density after coating is the widening of the PSD range. As shown
in Fig. 2, the curves of the coated products are shifted to the left, and the PSD range widens. This change
and expansion occurred to a lesser extent for GCC and to a greater extent for PCC. The widening of the
PSD range resulted in better packing and increased bulk density. This is a common/typical issue
encountered in the literature (Suzuki 2006, Pal et al. 2014, Kleba-Ehrhardt et al. 2025) regarding the
packaging of various powder products. Additionally, the lubricating effect of SA molecules adhering to
particle surfaces contributed to close packing of the coated products. As is known, surfactants such as
SA are among the most widely used and effective lubricants in practice (Reed, 1994).

3.5. Contact angle (0) and surface free energy (SFE)

The primary aim of surface coating is to reduce the surface energy of GCC and PCC products, which
naturally possess relatively high surface energy and hydrophilic properties, by making them
hydrophobic. This will result in a more homogeneous/better dispersion within the medium (polymer
paste, etc.). In this context, the hydrophobicity of coated and uncoated calcites was determined by
measuring Buaer values, and the OWRK-Fowkes SFE values were also calculated using a contact angle
measuring device with § data for water and bromonaphthalene. The results obtained are given in Fig.
8, and the Buaer photographs are given in Fig. 9. As shown in Figs. 8 and 9, uncoated commercial
products have Ouaer values of zero or very low (PCC: 0°; GCC: 14.2°) and are extremely hydrophilic;
after coating with SA, these values increase to 94.3° and 128.9°, respectively, indicating the development
of hydrophobic surface characteristics.

Furthermore, the GCC modification process was superior to that of PCC, indicating that M-GCC was
more hydrophobic than M-PCC. The difference in Owater values between the M-PCC and M-GCC may
be attributed to differences in coating processes, particle morphologies, and, consequently, specific
surface areas. GCC is coated using the dry method, while PCC is coated using the wet method.
Furthermore, according to information provided by the companies, the amount of SA used in the
coating is 1% for GCC and 3.9% for PCC; surface area values measured with a BET device are 4.28 m?2/g
for GCC and 30 m2/ g for PCC.

In the literature, when Ouar measurements were performed on PCC samples coated with different
surfactants such as SA and combined DDP (dodecyl dihydrogen phosphate), similar results were
obtained, albeit with minor differences. In a study by Barhoum et al. (2014), it was determined that the
Buwater value of PCC synthesized with scalenohedral morphology was 25°, but when an anionic surfactant
(sodium oleate) was added to the reactor during synthesis, the crystal morphology of PCC changed to
rhombohedral, and the 8- value increased to 130°. In the study by Zhao et al. (2016), the G- value of
PCC increased from 0° to 119° upon modification with 2% DDP. Atta et al. (2016) measured the Ouater
values of PCCs modified with different fatty acids [steric acid (SA), oleic acid (OA), linoleic acid (LOA),
and epoxidized oleic acid [EOA)] at superhydrophobic levels (150°-153°). In another study by Ghosh et
al. (2012), the Buaer value of GCC was measured at = 0°, whereas that of GCC modified with PMMS
(polymethylphenyl methoxy siloxane) was 142°. In another study on SA-coated and uncoated natural
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calcite (Ugurum and Ozdemir 2024), the Ouurer values for GCC and M-GCC were determined to be 13.52°
and 101.66°, respectively.

The value for GCC is close to our study's result, but the value for M-GCC is lower. The differences
between the Ouarr values observed in the literature and the values measured in this study, especially for
hydrophobic coated calcite (M-GCC or M-PCC), are generally due to differences in experimental
conditions [type of surfactant used in coating, surfactant dosage, coating time, coating method, etc.]
and/or physical properties (particle shape/morphology, particle size, surface area, etc.) of the calcite
samples used. According to the SFE results shown in Fig. 8, the GCC and PCC SFE values are 76-78
mJ/m?2 and decrease to 38-39 mJ/m? after coating. According to the SFE data obtained from the contact
angle measuring device, the polar components (y%,) of GCC and PCC SFEs constitute approximately
43-44% of the total SFE, while this rate decreases to 1.5-10% in coated products (M-GCC and M-PCC).
This is due to SA, a surfactant with a hydrophobic HC chain adsorbed onto the calcite surface.

140 90
E== Owater (0) OWRK-Fowkes SFE (m]/m?2)
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Fig. 8. Measured water contact angles (Guatr) of coated (M-GCC and M-PCC) and uncoated (GCC and PCC) calcite
tablets and the calculated OWRK-Fowkes SFE values obtained from them

] r
GCC M-GCC l

128,73°

13,74° - 14,68°

I r
PCC M-PCC I

Fig. 9. Photographic images of the G- on coated (M-GCC and M-PCC) and uncoated (GCC and PCC)
calcite tablets
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3.6. Zeta potential (ZP) measurements

ZP data, suspension pH, and conductivity (pS/cm) values of the products, recorded in their natural
state immediately before measurement (i.e., without the use of any pH regulator), are given in Fig. 10.
The zeta potential values of GCC and PCC were positive under natural suspension (GCC +19.6 mV;
PCC +12.4 mV, respectively). Following the SA treatment, the zeta potentials became negative,
indicating adsorption of SA molecules on the calcite surfaces. The measured zeta potentials were -9.5
mV for M-GCC and -14.4 mV for M-PCC. This is because the stearate anion, the anion component of the
SA molecule, forms chemical bonds with the lattice cation Ca (>Ca?*) that forms calcite, or with Ca2*
ions that dissolve in the medium and are subsequently adsorbed back onto the calcite surface; or,
depending on the conditions (if the concentration of SA and Ca?* in the medium is sufficiently high),
these Ca2?* ions combine with stearate anions and precipitate as Ca-Stearate on the calcite surface (Song
et al., 2003; Mihajlovich et al., 2013; Cao et al., 2016). Song et al. (2003) measured the ZP value of PCC at
natural pH to be ~ +15 mV and found that it shifted from positive to negative as the stearate ion
concentration increased, reaching -10 mV. Their results appear to be consistent with the data obtained
in this study. When comparing the ZPs of natural (M-GCC) and synthetic (M-PCC) calcites after coating,
the ZP of M-PCC (-14.4 mV) is slightly higher in absolute terms than that of M-GCC (-9.5 mV). Therefore,
it is expected that electrostatic and van der Waals (ion-dipole) interactions between cations and/ or polar
functional groups within the structures (polymer matrix, paint, etc.) are stronger in M-PCC than in M-
GCC.

30
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o

Zeta Potential (mV)
o

20 F Suspension pH and Conductivity (uS/cm)
GCC:9.95/44.9; M-GCC:9.52/38.9
PCC:9.82/47.5 ; M-PCC:9.21/41.1

-30

Fig. 10. Zeta potential (ZP) values, native pH values, and conductivity of coated (M-GCC and M-PCC) and
uncoated (GCC and PCC) calcites

3.7. General discussion

The results obtained in this study are generally consistent with those reported in previous studies
regarding the influence of stearic acid coating on calcium carbonate fillers. As summarized in Table 5,
stearic acid coating consistently reduced the average particle size. It increased the hydrophobicity of
both GCC and PCC, while converting the zeta potential from positive to negative. However, the
response of BET surface area differed between GCC and PCC because of their fundamentally different
particle morphologies and pore structures. Minor differences in the magnitude of the reported values
among different studies are expected. They can be attributed to variations in raw material
characteristics, crystal morphology, coating method (dry or wet), coating dosage, commercial
production conditions, and characterization techniques. It should also be emphasized that the
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commercial GCC and PCC products investigated in this study were manufactured using different
industrial coating processes with different coating levels. Therefore, the effects of coating were
evaluated only within each material pair (GCC vs. M-GCC and PCC vs. M-PCC). In contrast,
comparisons between GCC-based and PCC-based products are presented solely to describe the
characteristics of commercially available calcium carbonate fillers rather than to compare coating
efficiencies.

Table 5. Comparison of the present results with representative literature

Property  Present study Representative literature Comparison Possible explanation
Particle size Reduced surface energy
(GCC) ds0: 259 —2.03 52— 4.0 (Cayirlietal, 2020)  Same trend suppresses fine-particle
(um) agglomeration after coating.
Particle size 116 — 0.86-0.95 (Huang et al., Different commercial PCC grades,
(PCC) dso: 8.49 — 6.82 2025) Same trend crystal morphology, and
(pm) production conditions.
BET
area ?Zréfucc)e 498 — 5.54 Increase after coating (Cayirh et Consistent | Dispersion of. fine particles
al., 2020) increases accessible surface area.
(m?/8)
BET surface 2014 - 18.82 (Huang et al, Excellent Partial pore.fﬂhng by stearic acid
area (PCC)  30.03 — 19.79 and masking of pore surfaces
2025) agreement
(m%g) reduce BET area.

Pore volume

(PCC) 1.04 — 0.83 Decreased after coating (

Huang Consistent Partial pore filling by stearic acid

etal.,, 2025 molecules.
(e :
Water 13.5° — 101.7° (Ugurum & Different coating conditions,
contact angle 14.2° —128.9°  Ozdemir, 2024): coated GCC ~ Same trend  particle size, morphology, and
(GCC) ~142° (Ghosh et al., 2012) surface area.
Water 0° —>119° (Zhao et al., 2016) Different surfactants, coating
contact angle  0°—94.3°  25° -130° (Barthoum et al., 2014) Same trend dosage, crystal morphology and
(PCC) 150-153° (Atta et al., 2016) testing conditions.
Surface free New Commerc.ial GCC and PCC were
. o . . systematically evaluated under
energy 76-78 — 38-39  Limited quantitative studies =~ comparative ..
the same characterization
(m]/m?) data
protocol.
Zot Positive —
eta
. Negative Positive — approximately —10 Good Adsorption of stearate species
potential
V) (+19.6—-9.5; (Song et al., 2003) agreement changes surface charge.
" +12.4>-14.4)
Broader PSD and improved
., Increased after . . New . .
Bulk density . Limited quantitative data o particle packing increase bulk
coating contribution 8
density.
jst D d aft N Hydrophobi ti
Moisture ecreas§ after Limited quantitative data .ew . ydrophobic coating .suppresses
content coating contribution water adsorption.

The results collectively demonstrate that the intrinsic particle morphology governs the response of
calcium carbonate to stearic acid coating. GCC consists of relatively dense, non-porous particles,
whereas PCC is composed of porous aggregates formed by nanosized primary crystals. Consequently,
coating modifies not only the surface chemistry but also the packing characteristics and accessibility of
internal surfaces. This explains why both materials become hydrophobic after coating while exhibiting
different responses in BET surface area, pore volume, bulk density, and moisture content. The decrease
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in surface free energy is directly reflected by the increase in water contact angle and the change in zeta
potential, confirming successful adsorption of stearic acid onto both materials. Therefore, the observed
changes in the measured properties should be interpreted as interconnected consequences of particle
morphology, pore structure, and surface modification rather than as isolated phenomena.

The overall relationship between the intrinsic morphology of the materials, stearic acid adsorption,
and the resulting changes in the physical and surface properties is schematically illustrated in Fig. 11.
Accordingly, both Table 5 and Fig. 11 and the accompanying discussion provide an integrated
interpretation of the present results in the context of previous studies.

Intrinsic particle morphology

l l

GCC PCC
(Dense, non-porous (Porous aggregates of
particles) nanosized crystals)

Y
Stearic acid adsorption (Coating)

l l

Hydrophobicity] Particle dispersion I
Contact angle] Particle sizel

Different responses due to morphology

|
l l

GCC PCC
BET] BET
Moisture Pore volume
Bulk density l Moisturel
Bulk densityl

Modified physical and surface properties

Fig. 11. Proposed mechanism illustrating the effect of stearic acid coating on the physical and surface properties
of commercial GCC and PCC

4. Conclusions

The results of this study can be summarized as follows:

e The coating process broadened the PSD curves of both products (GCC and PCC) and resulted in an
overall decrease in particle size. The average particle sizes were 2.59/2.03/8.49/6.82 pm for GCC/M-
GCC/PCC/M-PCC, respectively. However, this decrease is more pronounced at finer particle sizes
and diminishes and disappears as the size increases. This is likely because hydrophobic attractive
forces become effective on relatively coarse particles, hindering potential dispersion due to reduced
surface energy.

o The coating process resulted in an increase in the surface area of GCC (from 4.28 m2/g to 5.54 m?/g),
while causing a decrease in the surface area of PCC (from 30.03 m2/g to 19.79 m2?/g). According to
SEM and mercury porosimetry analyses, this was attributed to the aggregate/particle morphology
of PCC, which consists of nanosized primary crystal grains and exhibits porosity.
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e According to the porosity analysis results, it was determined that the total pore volume of PCC
decreased from 1.04 cm?®/ g to 0.83 cm?®/ g after the coating process. This behavior may be associated
with partial pore filling by SA molecules and resulting reduction in accessible pore volume.

o As expected, the moisture content of both products decreased after coating, but the decrease was
greater in PCC. The measured moisture content is as follows: GCC/M-GCC/PCC/M-PCC:
0.28/0.22/0.62/0.34 %.

¢ An increase in bulk (or free flowing) densities was observed in coated products (M-GCC and M-PCC).
However, this increase is more pronounced in GCC. This increase can be attributed to broader
particle size distributions and improved particle packing characteristics. The bulk densities of the
products are as follows: GCC/M-GCC/PCC/M-PCC: 0.60/0.73/0.38/0.41 g/cm?.

¢ GCC and PCC, which exhibit hydrophilic or superhydrophilic properties, became hydrophobic
following the coating process. However, it was determined that M-GCC (8, = 129°) exhibited greater
hydrophobicity than M-PCC (8, ~ 94°). Consistent with the 0, data, the OWRK-Fowkes surface free
energies (SFE) values for GCC, M-GCC, PCC, and M-PCC were determined to be 76, 39.2, 78.2, and
38.5 mJ/m?, respectively. Following the coating process, the SFE values of the products decreased
by approximately half.

o The positive zeta potential (ZP) observed prior to coating (GCC =19.6 mV; PCC = 12.4 mV) shifted to
a negative value after the coating process. Furthermore, it was determined that the ZP value of M-
PCC (-14.4 mV) was more negative than that of M-GCC (-9.5 mV).

In conclusion, SA (stearic acid)-based hydrophobic coating products have a significant impact not
only on the surface properties, such as contact angle, surface energy, and zeta potential, of natural (GCC)
and synthetic (PCC) calcites, but also on their physical properties, including particle size, surface area,
porosity, moisture content, and bulk density. This effect manifests at different levels depending on the
GCC and PCC particle morphologies and, of course, on the companies' coating process conditions.
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