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Abstract : Theobjectiveof thisstudy wasto dlarify
stearic acid adsorption mechanismson calcite, and to
optimize adsorption conditionsinterms of economical
and technical issues. The procedure wasto combine
molecular dynamicssimulationswith adsorptiontests
and with subsequent hydrophobicity, FTIR, Raman,
brightness, DTA/TGA, zetapotential, and other char-
acterization. Theresultsshow that without intensvestir-

INTRODUCTION

Cdciteisoneof themost widdy used minerd fill-
ersinthepaper, paint, thermoplagtic, adhesve, and other
polymer industries, and growth of the cal citeindustry
has expanded for the past five years. However, one
problemisthat dueto itsenergetic hydrophilic surface,
cacitehaslow dispersionin apolymer matrix*%. The
solutionissurfacemodificationsthrough chemicd, phys-
cal, or mechano-chemical means, and thesearekey to
preparing functiona cacitepowders. In particular, when
surface modifiers such as stearic acid™“, phosphate®,
silane® or titanate® are adsorbed, calciteismoreeas-
ily dispersedin apolymer matrix. And, for example,

ring, stearic acid did not spontaneously contact and
adsorb. Thebenefitsincluded improve calciteapplica
tionsasfiller, and makeava ue-added cal cite product.
© Global Scientificlnc.

K eywor ds:: Hydrophobic surface; Computational
chemistry; Cdcite; Stearic acid.

stearic acid-coated cal cite has been found to improve
mechanical properties, dimensiona stability, and sur-
face hardness of apolymer matrix[™9. Therefore, the
objective of the present study wasto focuson stearic
acid, to clarify itsadsorption mechanism, and to opti-
mizeadsorption conditionsintermsof economica and
technicd issues.

The procedurewasfirst, to smulatethemolecular
dynamicsof stearate adsorption and surfacemodifica
tionusngAmber 12, GAFF and UFFforcefieds, and
Mopac 12. Molecular modding (MDS) and cal cul ated
energetic. To check and support theresultsof MDS, to
add stearic acid to abesker of cdcite-water durry stirred
with amagnetic bar; next, skim and collect thecalcite
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particlesthat clungtotheair-water interfaceafter briefly
but vigoroudy shaking the durry; then, filter, wash, and
dry at 50 ° C; and finally, characterize with FTIR,
Raman, DTA/TGA, zetapotential, brightnessand hy-
drophobicity. The procedureincluded combining mo-
lecular dynamics simulationswith the adsorption ex-
periments and surface characterization. Inthe adsorp-
tion experiments stearic acid concentration, pH, per-
cent solidsinthecacite-water durry, and stirring speed
werevaried.

MATERIALSAND METHODS

Themateria sand methods section describes com-
putational chemistry procedures, experimental proce-
duresfor adsorption testsin themagnetically stirred
beaker, and characterization methods.

Computational chemistry procedures

Themolecular dynamicsof stearate adsorption onto
calcite surfaceswere simulated at the atom and mol-
ecule scale using calcite structures from the on-line
American Mineralogist Crystal Structure Database,
Amber 12101 GAFF (General Amber Force Fields)
and UFF forcefields, and Mopac 12'2. Mopac was
used to create the required atomic chargesfor calcite
atoms at the semi empirical PM7 level. Analysis of
molecular dynamics simulationswere combined with
Amber’s Molecular Mechanics/Poisson Boltzmann
SurfaceArea(MMPBSA) procedurethat includedion
desolvation, van der Waa sand d ectrogtatic forces, and
Poisson Boltzmann and water cavity corrections. The
smulationsweredoneinfinite ‘bubbles’ of water con-
tai ning thousands of water mol ecules produced using
Amber’s ‘water-cap’ capability. This preserved the in-
fluence of theair-water surfacetensioninthecacula-
tions. However, air moleculeswerenot included inthe
cal cul ations because when compared to water at this
molecular scale, distances between air moleculesare
so largethat they are not necessary. Avogadro!*® and
VM D™ were also used to build, optimize, and visual-
izethesemolecular moddls,

Experimental procedure

Thecalcite sampleasastarting materia was sup-
plied fromthe Nigtas Limited Company, Nigde, Tur-
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key and it was used as received. In order to obtain
hydrophobic materid, stearic acid wasused for thesur-
face modification process. An experimental procedure
was based on the studies conducted by Mihgjlovic et
a . and Gomari et .. Calcitewasdispersedindis-
tilled water and then stearic acid that had been dis-
solved in chloroform wasthen added, and the mixture
wasmagneticaly stirred. To determinethebest adsorp-
tion conditions, the effectsand ranges of thefollowing
operating parameters were investigated: amount of
stearic acid (0.5-3%); pH of the solutions (8-12); tir-
ring rate (400-700 rpm); pulp ratio (5-30%); and con-
tact time(15-120 minutes). Inthesetests, magnetic stir-
bar speedswere measured by using aDigital Strobo-
scope device. The effect of the surface modification
was eval uated with abubbl e-attachment test that S mu-
latesfroth flotation. In thistest the contentsof the bea-
ker were shaken vigoroudly for afew momentsto ex-
pose calciteparticlesto air bubbles, subsequently al-
lowed torest briefly, and then those hydrophobic cal-
citeparticlesclinging to the air-water interfacewere
skimmed and collected. The obtained productswere
filtered, washed several timeswith distilled water, cen-
trifuged, and thendried at 50°C. As a measure of hy-
drophobicity and surface modification, an ‘active ratio’
of hydrophabic to non-hydrophobic particleswasde-
termined using theequation below!,

Mp
AR() = x100
0 Mp + Mt (1)

where AR (%) isthe active ratio, M_themass of the
floated product and M, the mass of the non-floated
product. A greater activeratio impliesmore hydropho-
bicity, and better surface modification and adsorp-
tionl1617,

Characterization methods

Inthe present study, the morphol ogies, structures,
and propertiesof pureca citeand stearic acid-adsorbed
calciteweredetermined by XRD, XRF, particlesize
anaysis, brightnesstests, BET, FTIR, Raman Spectra,
SEM, zetapotential, and DTA/TGA.

The XRD pattern was recorded by using Rigaku
Miniflex Diffractometer with CuKa (30kV, 10mA, k
=1.54050A). Chemical analysiswasdetermined us-
ing X-ray fluorescence (XRF Spectro1Q). Particlesize
of cacitewasdetermined by usngMavern Magtersizer
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2000 particlesizeandyzer. A uniformity of particlesize
distribution and surface area of the sampleswasa so
determined. Brightness test was done by Datacolor
Elprepho. The BET surface area of the calcite was
measured from nitrogen adsorptionisothermsat 77 K
intherangeof 10°to 1 relative pressuresby aTri Star
3000 surfaceanayzer. Thevibrationa modesof func-
tional groups of the compound were determined by
Fourier transforminfrared (FTIR) anadlyss. ThelR spec-
trawere measured in therange of 6004000 cm™ by
the KBr pellet method and using the VARIAN 1000
FTIR Spectrometer. Raman spectra of the samples
wereobtained by Renishaw inViaReflex, with 514 nm
laser excitation, 50% power (approx 6 MW at sample),
and X50 objectivewith 10 secondintegration scantime.
Themorphology of themateria swasinvestigated by a
scanning e ectron microscope (SEM) Fei Quanta400
Fthat did not need pelletizing. Zetapotentia s of the
products were measured by a Zeta Meter (Mavern
Inc.) equipped with amicroprocessor unit. Beforeeach
zetapotential measurement, the samplewas soni cated,
centrifuged, and pH was adjusted with dilute NaOH
(0.5%) or HCI (0.1 N). Thermal analysiswascarried
out inan auminum crucibleat aheating rate of 10°C/
mininN, by usngaSetaram Labsyssmultaneous TGA/
DTA.

RESULTSAND DISCUSSION

Theresultsand discussion section givesthe com-
putational chemistry analysis, the activeratio results,
and results of stearic acid-adsorbed vs. non-stearic
characterization.

Computational chemistry analysis

In one molecular dynamic simulations, acalcite
particlewith adsorbed stearate wasinitially placed
close to awater surface. As time progressed (in 2
femto second time steps), water molecul es appeared
to drain or move away from the adsorbed-stearate
face, thusfastening the particleto the water surface
(Figure 1a). Thetime scalesemphasized 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 awater surfaceto
be captured by its hydrophobicity. Thisindicated why
the cal cite-water mixture had to bevigorously shaken
for particle captureat theair-water interface. By com-
parison, when acal cite parti cle without adsorbed stear-
atewasinitialy placed closeto asurface, no water
drained or moved away and the particlewas not cap-
tured (Figure 1b).

Inanother molecular dynamicssimulation, 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. Becauseforce-
field modelsin general do not account for chemical
bond breaking and forming, theerroneous positivefree
energieswere evidence of chemisorption asopposed
to physisorption.

Ingtill another molecular dynamicssmulation, when
stearic acid wasinitialy placed far fromacalcitesur-
face, no spontaneous adsorption occurred astime pro-
gressed. However, when stearate wasinitially placed
close to the surface, it approached and clung to the

from hydrophilic calcite.
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surface, and admitted no intervening water molecules
asthesmulation progressed. Even though the chemica
bonding knownto occur wasmissinginthisforcefield
smulation, once stearate contacted the cal cite surface,
it remained there. However, an energy intensive pro-
cesssuch asmechanica stirring would berequiredto
makethat contact.

Other hydrophobicity detail swereillustrated by ex-
aminingthepositionsand vel ocitiesof water molecules.
It isgenerdly understood that hydrophobic speciessuch
assearatedisrupt hydrogen bonding and causere-con-
struction of compensating water cagesand shells. The
mobility of water moleculesin these cagesand shellsis
generally reduced. For example, whentrackingtheve-
locity of awater molecule closeto the adsorbed stear-
ateand comparing it to awater moleculefar away and
deep withinthewater bubble, it became apparent that
thewater molecul e near the hydrophobic surfacewas
dower (Figure?2).

Ingeneral, water vel ocity distributions showed that
water moved dower (left histogram, Figure3) inathin
volumedicenear stearic-adsorbed cal cite ascompared
to non-stearic cacite(right hisogram, Figure 3). A weter
moleculewas counted asbeing closeif the oxygen atom
waswithinatwo-Angstrom deep dice. Thenegliblep-
valuefrom an analysisof variance (ANOVA) meant
that thenull hypothesisof no difference between mean

velocitieswasrejected (TABLE 1). Therewasadif-
ference. Thus, water molecules near these hydropho-
bic surfaceshad smaller velocities, and differencesin
water vel ocity distributions serve asanother hydropho-
bicity scale.

Activeratio

Too much stearic acid on acal cite surface causes
processing problems. First, stearic acid coversthecal-
cite surface asamonolayer which is chemisorbed.
Then, excessamounts of stearate leadsto tail-to-tail
arrangement, multilayer adsorption (physi sorption)
occursonto the calcite surface, and it becomes|ess
hydrophobi 8.9,

Accordingtoall experimental results(not givenin
thetext), the highest active ratio was obtained at ex-
perimental conditionsof pH 9.5, stirring rate of 500
rpm, 15 % pulp ratio 45 min contact time, and 2%
stearic acid solutions. Additionally, theactiveratiovs
stearic acid dosageincreases up to about 2% solution
strength, and then gradually decreases (Figure 4). As
mentioned above, the decreasewas attributed to multi-
layer physical adsorption dueto thetail-to-tail arrange-
ment of polar groups. Furthermore, excessamount of
stearic acid not only decreasesthe hydrophobicity of
the surface but al so increase the cost!®.
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Figure2: Time-sequence of velocitiesof twowater molecules, thedow onecloseto an adsor bed stear ate, and thefast onefar

away and deep within awater bubble.
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Figure3: Water velocity distributionsnear calcitewith adsorbed stearate (Slower velocities, left histogram) and without
(faster velocities, left histogram).

TABLE 1: One-way ANOVA, analysisof varianceof dataob-  Char acterization of stear ate-adsor bed and non-

tained from Figure3 (mean velocitiesar edifferent) stear ate calcite
Source of Variation Sum of Squares df Emprical Var XRD (Figure5) and chemicd andysis(TABLE 2)
Between Groups 2.359 1 2.3585 showed that the calcium carbonate had high purity
Within Groups 50.042 378  0.1324 (97.31%), and steari c acid adsorption would not change
Total 52.401 379 this. Likewise, stearic acid adsorption did not change
Test Statitics ‘f° 17.815 particle size, uniformity, surface area, or brightness
p-value 0.000 (TABLE3).
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Figure4: Theinfluenceof stearicacid dosageon theactiveratio of thesurfacemodified cal cium carbonates(pH; 9.5, contact
time; 500 rpm, pulp ratio, 15%, stirringtime; 45min.)
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Figure5: Powder x-ray diffraction patter nsof thestarting calcium carbonate

TABLE 2: Chemical composition of thestarting calcium carbonate

CaO SO, Al,O3 Fe,0O, MgO Na,O K,0 Laoss of Ignition
Content % 55.26 0.14 0.02 0.0014 0.738 0.014 0.0012 43.42
TABLE 3: Particlesizeanalysisand brightnessindex of thecalciteand Ca-Searic
Sample Particle Size Brightness
P S.Surf. Area(m?/g) dio(um) dso(upm) dgo(pm) Uniformity Ry R457 Brightness E313 Whiteness
Calcite 331 0.78 275 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
Calcite
Ca-Stearic \2\350 is
2937.75

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650
Figure6: FTIR spectraof theunmodified calciteand stearic acid (2% ) coated calcite (Ca-Searic)

FTIR spectroscopy confirmed the presence of The most noticeabledifferencein Raman spectra
adsorbed stearic acid (Figure6). ThelR bandsat 2937  with and without stearic acid was observed at 2833
and 2850 cm! camefrom asymmetric (vasym) andsym- and 2865 cm* (Figure 7), and these peaks were due
metric (vs/m) stretching vibrationsof C-CH, groupsof  to the presence of the CH stretching from the stearic

searicacidakyl chainsand theothersshowed cdcite’s  acidi?>27,
carbonate921-24, Themost notable differencein SEM imageswith



336

ChemXpress4(4), 2014

ORIGINAL ARTICLE

and without stearic acid was the heterogeneously-
wrapped stearic chain (Figure 8). Otherwise, the par-
ticlesize, shape (tetragon or sphereand nearly isomet-
ric), and uniformity seemed nearly same.

Themost notabledifferencein zetapotentia values
with and without stearic acid wasnoiso electric point
(IEP) for stearic acid-coated particles. At pH 7-12,
the zetapotential was negative, while uncoated par-
ticles had an IEP of 8.6. No IEP corresponded to
Jacson’s!® claimsthat the charge of lyophilic colloids

remainsnearly constant. Furthermore, since nonpolar
solidsgenerdly have IEP’s!?% | itsdisappearancein-
dicated that ahydrophilic surface changed to hydro-
phobic.

TGA and DTA can detect differences between
chemisorbed, physisorbed, and local bilayers of
adsorbed stearatel”. The most notable differences
with and without stearate were wei ght | osses between
25 and 200°C as well as between 200 and 400°C
(Figure9).

Counts, (a.u.)

Ca-Stearic
%ﬁ:—) Calcite

1500

2000 2500 3000 3500

Raman shift (cm’l)
Figure7: Raman spectraof theunmodified calciteand stearic acid (2%) coated calcite (Ca-Searic)
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Figure9: TGA/DTA curvesof thecalciteand Ca-Searic
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Theweight loss between 25 and 200°C is due to
the elimination of both physisorbed stearate and wa-
tert321 and waslow for the stearate sample (1.06%)
ascompared to 5.54 % for the no-stearate samplethat
lost water. Thestearate sampledid not | oseweight both
becauseit was hydrophobic and had littlewater tolose,
and becausethe stearate was not physi sorbed. By con-
trast, thestearate sampledid loserel aively moreweight
from 200 and 400 °C because of stearate degradation,
aresult competiblewith theliterature®?. Furthermore,
Osman and Suter™ and Mihgjlovic et a.'® defined the
weight lossand DTA peak between 200 and 400°C as
proof of the chemisorption of stearic acid on acalcite
surface. They also mentioned that chemi sorbed fatty
acidslike stearate cannot beremoved by washingwith
the organic solvents. Only weakly bond surfactants
(phyisorbed) can be easily washed. Therefore, inthe
present study, the stearic samplewaswashed several
timeswith fresh ethanol, and itssubsequent DTA curve
remained thesame, indicating that thestearic acid was
chemically adsorbed onto the calcite surface.

In addition, someresearcherg®#93! used thedight
weight loss observed in between 200°C and 400°C to
calcul ate the surface concentration of acid molecules
usingthefollowing equation':

S

"IN, @
where o isthe surface areaper molecule (nnv), S, is
specific surface area of calcite (4.02 m?/qg), I' isthe
adsorbed amount of stearicacid (umol/g) and N, isthe
Avagadro number. Inthisstudy theweight lossof 2.14
% from TGA curves (200°C - 400°C) gave a surface
area per molecule (o) of 1.09 nm?. Furthermore,
Mihglovi¢ et d.® caculated the surface areaper mol-
eculefor different amounts of stearic acid and they ar-
gued that thelower surface area per moleculesof 0.95
nm? and 0.72 nm? (at stearic acid ratio 3 % and 4 %
respectively) showspatchy second or bilayersand thus
some physsorption. Thehigher vaueinthe present sudy
indicated that the adsorption mechanism between the
stearic acid and cacite surface at the 2% experimental
condition waschemisorption, and wasamonolayer only.

CONCLUSION

Theobjectiveof thisstudy wasto enhancecalcite’s

suitability for filler gpplicationsby darifyinghow stearic
acid adsorption mechanismsmake ca citemore hydro-
phobic. In molecular modeling stearate exposed calcite
became hydrophobic asindicated by attachment to the
air water interface and stearic acid did not spontane-
oudly adsorb but required forced contact. In the bea
ker experiments, too, stearate-exposed calciteclungto
theair-water interface. Thishydrophobic particlefrac-
tion increased as optimum stearic acid concentration,
stirring speed, pH, and percent solidswere achieved.
XRD and chemicd analysisconfirmed thepurity of ca-
cite, and FTIR and Raman analysi sshowed adsorbed-
stearate peaksthat were not therein the non-stearate
samples. SEM images a so reved ed adsorbed stearate
chains not present in the non-stearate samples. Zeta
potential measurementsshowed thelossof aniso elec-
tric point inthe stearate sampleswhen comparedto the
non-stearate samples. DTA/TGA scans showed little
weight lossfrom 25t0 200 °C in stearate samples that
indicates no water to lose (because they were hydro-
phobic). This also indicated chemisorbed, not
phys sorbed stearate. Thenon stearate samplesshowed
higher weight lossdueto lost water (becausethey were
not hydrophobic). The degree of weight lossal so cor-
responded to monolayer as opposed to bilayer cover-
age, confirming that the process conditionsand stearic
acid solution strength for these sampl eswere optimum.
The conclus onswerethat the optimum process condi-
tions were a 2% stearic acid solution, pH 9.5, 15%
cacitesolidsinthedurry, 45 min contact time, and a
dtirring rateof 500 rpm. Additionally, the computationa
chemidlry (ab-initio quantummechanicd caculaionsand
molecular dynamicssmulation) and experimental work
showed that a though stearic acid eventual ly became
chemicaly bound, rigorousstirring or mechanica ac-
tion wasrequired to make close enough contact with
the surface and to make hydrophilic calcite become
hydrophobic. The benefitswere not only improving
caciteapplicationsasafiller, but alsomaking ava ue-
added calcite product.
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