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Abstract : The objective of this study was to clarify
stearic acid adsorption mechanisms on calcite, and to
optimize adsorption conditions in terms of economical
and technical issues. The procedure was to combine
molecular dynamics simulations with adsorption tests
and with subsequent hydrophobicity, FTIR, Raman,
brightness, DTA/TGA, zeta potential, and other char-
acterization. The results show that without intensive stir-

INTRODUCTION

Calcite is one of the most widely used mineral fill-
ers in the paper, paint, thermoplastic, adhesive, and other
polymer industries, and growth of the calcite industry
has expanded for the past five years. However, one
problem is that due to its energetic hydrophilic surface,
calcite has low dispersion in a polymer matrix[1-3]. The
solution is surface modifications through chemical, physi-
cal, or mechano-chemical means, and these are key to
preparing functional calcite powders. In particular, when
surface modifiers such as stearic acid[1,4], phosphate[3],
silane[5] or titanate[6] are adsorbed, calcite is more eas-
ily dispersed in a polymer matrix. And, for example,
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ring, stearic acid did not spontaneously contact and
adsorb. The benefits included improve calcite applica-
tions as filler, and make a value-added calcite product.
Global Scientific Inc.
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stearic acid-coated calcite has been found to improve
mechanical properties, dimensional stability, and sur-
face hardness of a polymer matrix[7-9]. Therefore, the
objective of the present study was to focus on stearic
acid, to clarify its adsorption mechanism, and to opti-
mize adsorption conditions in terms of economical and
technical issues.

The procedure was first, to simulate the molecular
dynamics of stearate adsorption and surface modifica-
tion using Amber 12, GAFF and UFF force fields, and
Mopac 12. Molecular modeling (MDS) and calculated
energetic. To check and support the results of MDS, to
add stearic acid to a beaker of calcite-water slurry stirred
with a magnetic bar; next, skim and collect the calcite
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particles that clung to the air-water interface after briefly
but vigorously shaking the slurry; then, filter, wash, and
dry at 50 ° C; and finally, characterize with FTIR,

Raman, DTA/TGA, zeta potential, brightness and hy-
drophobicity. The procedure included combining mo-
lecular dynamics simulations with the adsorption ex-
periments and surface characterization. In the adsorp-
tion experiments stearic acid concentration, pH, per-
cent solids in the calcite-water slurry, and stirring speed
were varied.

MATERIALS AND METHODS

The materials and methods section describes com-
putational chemistry procedures, experimental proce-
dures for adsorption tests in the magnetically stirred
beaker, and characterization methods.

Computational chemistry procedures

The molecular dynamics of stearate adsorption onto
calcite surfaces were simulated at the atom and mol-
ecule scale using calcite structures from the on-line
American Mineralogist Crystal Structure Database,
Amber 12[10,11], GAFF (General Amber Force Fields)
and UFF force fields, and Mopac 12[12]. Mopac was
used to create the required atomic charges for calcite
atoms at the semi empirical PM7 level. Analysis of
molecular dynamics simulations were combined with
Amber�s Molecular Mechanics/Poisson Boltzmann

Surface Area (MMPBSA) procedure that included ion
desolvation, van der Waals and electrostatic forces, and
Poisson Boltzmann and water cavity corrections. The
simulations were done in finite �bubbles� of water con-

taining thousands of water molecules produced using
Amber�s �water-cap� capability. This preserved the in-

fluence of the air-water surface tension in the calcula-
tions. However, air molecules were not included in the
calculations because when compared to water at this
molecular scale, distances between air molecules are
so large that they are not necessary. Avogadro[13] and
VMD[14] were also used to build, optimize, and visual-
ize these molecular models.

Experimental procedure

The calcite sample as a starting material was sup-
plied from the Nigtas Limited Company, Nigde, Tur-

key and it was used as received. In order to obtain
hydrophobic material, stearic acid was used for the sur-
face modification process. An experimental procedure
was based on the studies conducted by Mihajlovic et
al.[9] and Gomari et al.[15]. Calcite was dispersed in dis-
tilled water and then stearic acid that had been dis-
solved in chloroform was then added, and the mixture
was magnetically stirred. To determine the best adsorp-
tion conditions, the effects and ranges of the following
operating parameters were investigated: amount of
stearic acid (0.5-3%); pH of the solutions (8-12); stir-
ring rate (400-700 rpm); pulp ratio (5-30%); and con-
tact time (15-120 minutes). In these tests, magnetic stir-
bar speeds were measured by using a Digital Strobo-
scope device. The effect of the surface modification
was evaluated with a bubble-attachment test that simu-
lates froth flotation. In this test the contents of the bea-
ker were shaken vigorously for a few moments to ex-
pose calcite particles to air bubbles, subsequently al-
lowed to rest briefly, and then those hydrophobic cal-
cite particles clinging to the air-water interface were
skimmed and collected. The obtained products were
filtered, washed several times with distilled water, cen-
trifuged, and then dried at 50°C. As a measure of hy-

drophobicity and surface modification, an �active ratio�

of hydrophobic to non-hydrophobic particles was de-
termined using the equation below[3],

100x
Mt+Mp

Mp
=AR() (1)

where AR (%)
 
is the active ratio, M

p 
the

 
mass of the

floated product and M
t
 the mass of the non-floated

product. A greater active ratio implies more hydropho-
bicity, and better surface modification and adsorp-
tion[16,17].

Characterization methods

In the present study, the morphologies, structures,
and properties of pure calcite and stearic acid-adsorbed
calcite were determined by XRD, XRF, particle size
analysis, brightness tests, BET, FTIR, Raman Spectra,
SEM, zeta potential, and DTA/TGA.

The XRD pattern was recorded by using Rigaku
Miniflex Diffractometer with Cu Ká (30 kV, 10 mA, k
= 1.54050 A). Chemical analysis was determined us-
ing X-ray fluorescence (XRF Spectro IQ). Particle size
of calcite was determined by using Malvern Mastersizer
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2000 particle size analyzer. A uniformity of particle size
distribution and surface area of the samples was also
determined. Brightness test was done by Datacolor
Elprepho. The BET surface area of the calcite was
measured from nitrogen adsorption isotherms at 77 K
in the range of 10-6 to 1 relative pressures by a Tri Star
3000 surface analyzer. The vibrational modes of func-
tional groups of the compound were determined by
Fourier transform infrared (FTIR) analysis. The IR spec-
tra were measured in the range of 600�4000 cm-1 by
the KBr pellet method and using the VARIAN 1000
FTIR Spectrometer. Raman spectra of the samples
were obtained by Renishaw inVia Reflex, with 514 nm
laser excitation, 50% power (approx 6 mW at sample),
and X50 objective with 10 second integration scan time.
The morphology of the materials was investigated by a
scanning electron microscope (SEM) Fei Quanta 400
F that did not need pelletizing. Zeta potentials of the
products were measured by a Zeta Meter (Malvern
Inc.) equipped with a microprocessor unit. Before each
zeta potential measurement, the sample was sonicated,
centrifuged, and pH was adjusted with dilute NaOH
(0.5%) or HCl (0.1 N). Thermal analysis was carried
out in an aluminum crucible at a heating rate of 10°C/

min in N
2
 by using a Setaram Labsys simultaneous TGA/

DTA.

RESULTS AND DISCUSSION

The results and discussion section gives the com-
putational chemistry analysis, the active ratio results,
and results of stearic acid-adsorbed vs. non-stearic
characterization.

Computational chemistry analysis

In one molecular dynamic simulations, a calcite
particle with adsorbed stearate was initially placed
close to a water surface. As time progressed (in 2
femto second time steps), water molecules appeared
to drain or move away from the adsorbed-stearate
face, thus fastening the particle to the water surface
(Figure 1a). The time scales emphasized how fast this
happens � pico seconds. However, if the particle

was placed deep within the water bubble, it never
seemed to come close enough to a water surface to
be captured by its hydrophobicity. This indicated why
the calcite-water mixture had to be vigorously shaken
for particle capture at the air-water interface. By com-
parison, when a calcite particle without adsorbed stear-
ate was initially placed close to a surface, no water
drained or moved away and the particle was not cap-
tured (Figure 1b).

In another molecular dynamics simulation, Gibbs
free energies of stearate adsorption that were calcu-
lated using the MMPBSA procedure erroneously
turned out positive, +27 kcal/mol (±2 kcal/mole), de-

pending on calcite particle surface. Because force-
field models in general do not account for chemical
bond breaking and forming, the erroneous positive free
energies were evidence of chemisorption as opposed
to physisorption.

In still another molecular dynamics simulation, when
stearic acid was initially placed far from a calcite sur-
face, no spontaneous adsorption occurred as time pro-
gressed. However, when stearate was initially placed
close to the surface, it approached and clung to the

(a) (b)

Figure 1 : a) Simulations showed that water retreated from stearic-coated (and thus hydrophobic) calcite, b) but did not retreat
from hydrophilic calcite.
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surface, and admitted no intervening water molecules
as the simulation progressed. Even though the chemical
bonding known to occur was missing in this force-field
simulation, once stearate contacted the calcite surface,
it remained there. However, an energy intensive pro-
cess such as mechanical stirring would be required to
make that contact.

Other hydrophobicity details were illustrated by ex-
amining the positions and velocities of water molecules.
It is generally understood that hydrophobic species such
as stearate disrupt hydrogen bonding and cause re-con-
struction of compensating water cages and shells. The
mobility of water molecules in these cages and shells is
generally reduced. For example, when tracking the ve-
locity of a water molecule close to the adsorbed stear-
ate and comparing it to a water molecule far away and
deep within the water bubble, it became apparent that
the water molecule near the hydrophobic surface was
slower (Figure 2).

In general, water velocity distributions showed that
water moved slower (left histogram, Figure 3) in a thin
volume slice near stearic-adsorbed calcite as compared
to non-stearic calcite (right histogram, Figure 3). A water
molecule was counted as being close if the oxygen atom
was within a two-Angstrom deep slice. The neglible p-
value from an analysis of variance (ANOVA) meant
that the null hypothesis of no difference between mean

velocities was rejected (TABLE 1). There was a dif-
ference. Thus, water molecules near these hydropho-
bic surfaces had smaller velocities, and differences in
water velocity distributions serve as another hydropho-
bicity scale.

Active ratio

Too much stearic acid on a calcite surface causes
processing problems. First, stearic acid covers the cal-
cite surface as a monolayer which is chemisorbed.
Then, excess amounts of stearate leads to tail-to-tail
arrangement, multilayer adsorption (physisorption)
occurs onto the calcite surface, and it becomes less
hydrophobic[18,19].

According to all experimental results (not given in
the text), the highest active ratio was obtained at ex-
perimental conditions of pH 9.5, stirring rate of 500
rpm, 15 % pulp ratio 45 min contact time, and 2%
stearic acid solutions. Additionally, the active ratio vs
stearic acid dosage increases up to about 2% solution
strength, and then gradually decreases (Figure 4). As
mentioned above, the decrease was attributed to multi-
layer physical adsorption due to the tail-to-tail arrange-
ment of polar groups. Furthermore, excess amount of
stearic acid not only decreases the hydrophobicity of
the surface but also increase the cost[9,20].

Figure 2 : Time-sequence of velocities of two water molecules, the slow one close to an adsorbed stearate, and the fast one far
away and deep within a water bubble.
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TABLE 1 : One-way ANOVA, analysis of variance of data ob-
tained from Figure 3 (mean velocities are different)

Source of Variation Sum of Squares df Emprical Var 

Between Groups 2.359 1 2.3585 

Within Groups 50.042 378 0.1324 

Total 52.401 379  

Test Statistics �f� 17.815   

p-value 0.000   

Figure 3 : Water velocity distributions near calcite with adsorbed stearate (slower velocities, left histogram) and without
(faster velocities, left histogram).

Figure 4 : The influence of stearic acid dosage on the active ratio of the surface modified calcium carbonates (pH; 9.5, contact
time; 500 rpm, pulp ratio, 15 %, stirring time; 45 min.)

Characterization of stearate-adsorbed and non-
stearate calcite

XRD (Figure 5) and chemical analysis (TABLE 2)
showed that the calcium carbonate had high purity
(97.31%), and stearic acid adsorption would not change
this. Likewise, stearic acid adsorption did not change
particle size, uniformity, surface area, or brightness
(TABLE 3).
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Figure 5 : Powder x-ray diffraction patterns of the starting calcium carbonate

TABLE 2 : Chemical composition of the starting calcium carbonate

 CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O Loss of Ignition 

Content % 55.26 0.14 0.02 0.0014 0.738 0.014 0.0012 43.42 

TABLE 3 : Particle size analysis and brightness index of the calcite and Ca-Stearic

Particle Size Brightness 
Sample 

S.Surf. Area (m2/g) d10 (ìm) d50 (ìm) d90 (ìm) Uniformity Ry R457 Brightness E313 Whiteness 

Calcite 3.31 0.78 2.75 7.66 0.788 96.9 95.47 92.33 

Ca-Stearic 3.53 0.73 2.56 7.56 0.766 95.6 94.30 90.63 

Figure 6 : FTIR spectra of the unmodified calcite and stearic acid (2%) coated calcite (Ca-Stearic)

FTIR spectroscopy confirmed the presence of
adsorbed stearic acid (Figure 6). The IR bands at 2937
and 2850 cm�1 came from asymmetric (v

asym
) and sym-

metric (v
sym

) stretching vibrations of C-CH
2
 groups of

stearic acid alkyl chains and the others showed calcite�s
carbonate[1,9,21-24].

The most noticeable difference in Raman spectra
with and without stearic acid was observed at 2833
and 2865 cm-1 (Figure 7), and these peaks were due
to the presence of the CH stretching from the stearic
acid[25-27].

The most notable difference in SEM images with
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and without stearic acid was the heterogeneously-
wrapped stearic chain (Figure 8). Otherwise, the par-
ticle size, shape (tetragon or sphere and nearly isomet-
ric), and uniformity seemed nearly same.

The most notable difference in zeta potential values
with and without stearic acid was no iso electric point
(IEP) for stearic acid-coated particles. At pH 7-12,
the zeta potential was negative, while uncoated par-
ticles had an IEP of 8.6. No IEP corresponded to
Jacson�s[28] claims that the charge of lyophilic colloids

remains nearly constant. Furthermore, since nonpolar
solids generally have IEP�s[29,30], its disappearance in-
dicated that a hydrophilic surface changed to hydro-
phobic.

TGA and DTA can detect differences between
chemisorbed, physisorbed, and local bilayers of
adsorbed stearate[1]. The most notable differences
with and without stearate were weight losses between
25 and 200°C as well as between 200 and 400°C

(Figure 9).

Figure 7 : Raman spectra of the unmodified calcite and stearic acid (2%) coated calcite (Ca-Stearic)

Figure 8 : SEM images of calcite (left side) and Ca-Stearic (right side).

Figure 9 : TGA/DTA curves of the calcite and Ca-Stearic
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The weight loss between 25 and 200°C is due to

the elimination of both physisorbed stearate and wa-
ter[3,9,15], and was low for the stearate sample (1.06%)
as compared to 5.54 % for the no-stearate sample that
lost water. The stearate sample did not lose weight both
because it was hydrophobic and had little water to lose,
and because the stearate was not physisorbed. By con-
trast, the stearate sample did lose relatively more weight
from 200 and 400 °C because of stearate degradation,

a result compatible with the literature[3,9]. Furthermore,
Osman and Suter[1] and Mihajlovic et al.[9] defined the
weight loss and DTA peak between 200 and 400°C as

proof of the chemisorption of stearic acid on a calcite
surface. They also mentioned that chemisorbed fatty
acids like stearate cannot be removed by washing with
the organic solvents. Only weakly bond surfactants
(phyisorbed) can be easily washed. Therefore, in the
present study, the stearic sample was washed several
times with fresh ethanol, and its subsequent DTA curve
remained the same, indicating that the stearic acid was
chemically adsorbed onto the calcite surface.

In addition, some researchers[3,4,9,31] used the slight
weight loss observed in between 200°C and 400°C to

calculate the surface concentration of acid molecules
using the following equation[16]:

A

A

ÃxN

S
=ó (2)

where ó is the surface area per molecule (nm2), S
A
 is

specific surface area of calcite (4.02 m2/g), Ã is the
adsorbed amount of stearic acid (ìmol/g) and N

A
 is the

Avagadro number. In this study the weight loss of 2.14
% from TGA curves (200°C - 400°C) gave a surface

area per molecule (ó) of 1.09 nm2. Furthermore,
Mihajloviã et al.[9] calculated the surface area per mol-
ecule for different amounts of stearic acid and they ar-
gued that the lower surface area per molecules of 0.95
nm2 and 0.72 nm2 (at stearic acid ratio 3 % and 4 %
respectively) shows patchy second or bilayers and thus
some physisorption. The higher value in the present study
indicated that the adsorption mechanism between the
stearic acid and calcite surface at the 2% experimental
condition was chemisorption, and was a monolayer only.

CONCLUSION

The objective of this study was to enhance calcite�s

suitability for filler applications by clarifying how stearic
acid adsorption mechanisms make calcite more hydro-
phobic. In molecular modeling stearate exposed calcite
became hydrophobic as indicated by attachment to the
air water interface and stearic acid did not spontane-
ously adsorb but required forced contact. In the bea-
ker experiments, too, stearate-exposed calcite clung to
the air-water interface. This hydrophobic particle frac-
tion increased as optimum stearic acid concentration,
stirring speed, pH, and percent solids were achieved.
XRD and chemical analysis confirmed the purity of cal-
cite, and FTIR and Raman analysis showed adsorbed-
stearate peaks that were not there in the non-stearate
samples. SEM images also revealed adsorbed stearate
chains not present in the non-stearate samples. Zeta
potential measurements showed the loss of an iso elec-
tric point in the stearate samples when compared to the
non-stearate samples. DTA/TGA scans showed little
weight loss from 25 to 200 °C in stearate samples that

indicates no water to lose (because they were hydro-
phobic). This also indicated chemisorbed, not
physisorbed stearate. The non stearate samples showed
higher weight loss due to lost water (because they were
not hydrophobic). The degree of weight loss also cor-
responded to monolayer as opposed to bilayer cover-
age, confirming that the process conditions and stearic
acid solution strength for these samples were optimum.
The conclusions were that the optimum process condi-
tions were a 2% stearic acid solution, pH 9.5, 15%
calcite solids in the slurry, 45 min contact time, and a
stirring rate of 500 rpm. Additionally, the computational
chemistry (ab-initio quantum mechanical calculations and
molecular dynamics simulation) and experimental work
showed that although stearic acid eventually became
chemically bound, rigorous stirring or mechanical ac-
tion was required to make close enough contact with
the surface and to make hydrophilic calcite become
hydrophobic. The benefits were not only improving
calcite applications as a filler, but also making a value-
added calcite product.
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