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ABSTRACT

Admicellar polymerization using sodium dodecylsulfate (SDS) template to form ultrafilm
polystyrene on commercial calcium carbonate (CaCO3) of various particle sizes was studied.
Adsorption isotherms of SDS decrease after the critical micelle concentration (CMC) of SDS
was observed. This is explained by the phase behavior of SDS with calcium ion. The solubility
product constants (Ksp) for calcium dodecylsulfate (Ca(DS),) were calculated as 1.55x10°M? at
30°C and 8.58x10°M? at 50°C. At SDS concentrations above the CMC, precipitation of Ca(DS),
was governed by the critical ratio of calcium ion concentration bound onto anionic micelles
which was 0.22 at 30°C and 0.20 at 50°C. It was estimated that precipitates of Ca(DS), formed
between 5.12 to 6.85x10°M SDS at 30°C. Adsolubilization of styrene and partition coefficient
(Kagm) data showed initial partitioning of styrene at the core and only at higher concentrations in
the palisade layer. However, no observation of polystyrene ultrathin films was observed using
Fourier Transform Infra-red (FTIR) or Tapping mode Atomic Force Microscopy (AFM).
Nevertheless, application testing of low-polymer content admicellar polymerized CaCOs in

drilling fluids showed increase in mud viscosity and yield point with improved fluid loss control.
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1.0 INTRODUCTION

1.1 Surfactant

Surfactants are widely used in various applications such as pharmaceuticals, food
technology, detergency, agriculture, emulsion polymerization, flocculation and flotation, the
petroleum industry, material science and other areas’. Surfactants are defined as “surface active
agents” and exhibit characteristics such as the tendency to partition at the interface, altering
(usually lowering) interfacial free energy or surface tension and forming aggregates in solution
which are called micelles. Surface tension is the minimum amount of work required to create/
expand a unit of area of the interface: y = Wyin/A where v is surface tension, Wy is the
minimum work required, A is the interfacial area. Surfactant usually adsorbs at the interface and

lowers the surface tension which decreases the work required to create/ expand these interfaces.

A surfactant molecule has an amphipathic nature (Figure 1.1) with both lyophobic
(solvent-hating) and lyophilic (solvent-loving) groups. The term ‘head’ group is usually used to
refer to the lyophilic group, while ‘tail’ usually refers to the lyophobic group. When the solvent

is water, these terms become hydrophilic and hydrophobic.

Head

Tail

\/\/\.

Figure 1.1: Amphipathic nature of a surfactant molecule



The presence of lyophobic groups in a solvent increases the free energy of a system and causes
surfactant molecule to orient accordingly in a way to minimize the contact area of lyophobic
groups with the solvent. For example, the orientation of the surfactant molecules at a water-air

interface shown in Figure 1.2 has the lyophobic (hydrophobic) group oriented towards the air.

Seceey

Figure 1.2: Orientation of the surfactant molecules in water phase
Surfactants can be classified into 4 types according to their hydrophilic or head group:

1. Anionic surfactants have negatively charged head groups. For example, RCOO'Na"
(soap), RC¢H4SO3'Na" (alkylbenzene sulfonate).

2. Cationic surfactants have positively charged head groups. For example, RNH3"CI™ (salt of
a long chain amine), RN(CH3)s"CI™ (quaternary ammonium chloride).

3. Zwitterionic surfactant may have both positive and negative charged group. For example,
RN*H,CH,COO" (long chain amino acid), RN*(CHs),CH,CH,SO5" (sulfobetaine).

4. Nonionic surfactant has no apparent ionically charged group. For example,
RCOOCH,;CHOHCH,0H (monoglyceride long chain fatty acid), RCgH4(OC,H;)xOH

(polyoxyethylenated alkylphenol), R(OC,H,4)xOH (polyoxyethylenated alcohol).

When the interface has been saturated with surfactants molecules, further addition of surfactant
molecules forms aggregates in the bulk called micelles. The concentration where micelle starts to
formed is called critical micelle concentration (CMC). Micellization occurs at/near maximum

interface coverage in order to minimize the free energy of the system. For the example of a



surfactant in water, hydrophobic groups directed inward while hydrophilic directed outwards to

minimize the contact between hydrophobic group and water (Figure 1.3).

Figure 1.3: Micelle formation in water

Micelles can be classified into at least 4 types:

1. Small, spherical micelles (aggregation number < 100)
2. Elongated cylindrical, rodlike micelles with hemispherical ends
3. Large, flat lamellar micelles

4. Vesicles, bilayer lamellar micelles in concentric spheres

A typical surface tension vs log concentration plot is shown in Figure 1.4. The value of the CMC
can be observed from the change in electrical conductivity, surface tension, light scattering, or

fluorescence spectroscopy.

Log concentration

bobo b AUt
BB ® B
HEH B ®

Figure 1.4: Surface tension vs log concentration plot.



1.2 Surfactant Adsorption At Solid-liquid Interface

Surfactant tends to adsorb at interfaces in order to minimize the free energy of the system
and maximize the entropy. Among the factors that influenced solid/liquid interface adsorption
process are the surface charge of the solid, the structure of the surfactant and the nature of the

solvent.

Surface charge of a solid can be determined by zeta potential measurement. Zeta potential
is the potential of a charged surface at the shear plane between the solid and the surrounding
solution as the solid and the solution move with respect to each other. Point of zero charge (pzc)
is defined as the electrolyte’s pH when a solid surface exhibits zero net electrical charge when
submerged in an electrolyte. Below the pzc, the surface is positively charged (attracts anions)

while above the pzc, the surface is negatively charged (attracts cations).

Surfactant molecules tend to partition at interfaces due to several mechanisms such as ion
exchange, ion pairing, acid-base interaction, polarizable n electrons, London dispersion force,
hydrophobic bonding etc. Surface aggregates called hemimicelles/ admicelles form on the
surface when sufficient amounts of adsorbed surfactant are present. The orientation of the

adsorbed surfactant may cause changes in the surface properties of the solid.>*
From the Gibbs adsorption equation,

1 ay
[, =— 1.1
ad 4.606 RT dlogC (1.1)

where I'yq is the surface excess concentration of adsorbed component for 1:1 ionic surfactant, dy

is the change of solid/liquid interfacial tension, C is the molar concentration of the component,



R is the gas constant, T is the temperature. In the presence of swamping amount of electrolytes,

the surface excess concentration of adsorbed component is:

1 dy
[, =— 1.2
ad 2.303 RT dlogC (1.2)

Experiments can be done to quantify the amount of adsorbed surfactant per gram of
adsorbent (mol/g) using the change of concentration method, given in functional form below

where

__ (Co—Cy)V

Ngg = (1.3)

m

Nag is the amount of adsorbed surfactant per gram of adsorbent (mol/g), C,-C; is the difference of
surfactant concentration before adsorption and after adsorption, V is the volume of the liquid

phase and m is the mass of adsorbent. Adsorption isotherm can be plotted as n,q against C;.
Adsorption can also be expressed in the form of surface concentration (mol/cm?),

Co—Cy)V
I, = % (L4)

where a; is the surface area per unit mass of adsorbent. An adsorption isotherm can be plotted as

I'yq against C;.
Surface area per adsorbate molecule can be calculated as follows where a°; (angstroms square),

1016

a; = (1.5)

where N is the Avogadro’s number.



The typical adsorption isotherm of ionic surfactants on strongly charged sites is a S-
shaped (Figure 1.5). Initially, there is ion exchange at region 1, increase adsorption at region 2
due to hydrophobic interaction when more aggregates adsorbed on the surface, slope at region 3
decreases because the adsorbent starts to get saturated with surfactant and has the same charge as

surfactant. Maximum adsorption at region 4 is obtained when the surface is saturated with

surfactant.

Log surfactant adsorption
fad

Log egm. surfactant conc. in bulk
Figure 1.5: S-shaped adsorption isotherm

Examples of surfactant adsorption on charged surface by inonic surfactants include

10-20

anionic surfactant adsorbed on alumina™®, cationic surfactants on silica and nonionic

surfactant adsorption on alumina® and on apatite®.
1.3 Adsolubilization

Micelles featured a very useful property called micellar solubilization. Micellar
solubilization is a phenomenon of solute addition on or into micelles. This effect is the main
contribution of surfactants to oil removal in detergency, micellar catalysis of organic reactions,
emulsion polymerization, waste treatment in separation process and emulsion interaction in

enhanced oil recovery etc. An analogy to micellar solubilisation, one can expect an admicelle



(adsorbed micelle) to behave similarly. Solubilization at the surface by an admicelle is called
adsolubilization. Adsolubilization has provided a novel application for the formation of ultra-thin

films on surfaces by in-situ polymerization. Admicellar polymerization (Figure 1.6) has been

10,22

widely used for various applications such as the enhancement of filled rubber™, surface

23,24

modification of glass fibers®*?* and production of hydrophobic cotton®.

Surfactant
Adsorption

Adsolubilization

— ) Polymerization

Surfactant
Removal

Figure 1.6: Process for admicellar polymerization
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20 REVIEW: ADMICELLAR POLYMERIZATION
Admicellar polymerization on rubber fillers: Alumina/ aluminium

Admicellar polymerization was first published by J. Wu etal. in 1987"% where a
polystyrene ultrathin film was successfully formed on alumina using sodium dodecyl sulfate
(SDS) surfactant. It was proven that polymerization was indeed taking place in the admicelle. In
19883, they furthered their study onto alumina powder. Film thickness on the powder calculated
was comparable to the SDS bilayer adsorption. In addition, washing steps after admicellar

polymerization was found to affect final surface properties.

D.V. Le (2004)* managed to show corrosion control of aluminium alloys by forming a
thin film of poly(2,2,2-trifluoroethyl acrylate) (PTFEA) and polymethyl methacrylate (PMMA)
via admicellar polymerization. PTFEA showed higher hydrophobicity and better corrosion

control over PMMA.

S. Wang (2006)° found that styrene monomer enhanced sodium dodecylsulfate (SDS)
adsorption onto alumina. Ratios of 2.5-2.9:1 of SDS:styrene was obtained. Characterization of
styrene on alumina after admicellar polymerization showed positive results with tetrahydrofuran
(THF) extraction but direct observation was found to be insensitive in attenuated total reflectance
(ATR) and diffuse reflectance infrared Fourier Transform (DRIFT). Extraction of polymer was
found to be difficult because a more tightly bound polystyrene cross-linked divinylbenzene (PS-

co-DSB) cannot be extracted. However, hydrophobic properties can be achieved to resist water

12



for up to 90 min. Scanning electron microscopy (SEM) showed changes in topography after
polymerization but failed to differentiate among different coatings. On the other hand,
Thermogravimetric analysis (TGA) provided strong evidence of the presence for residual SDS

and PS-co-DSB.

P.M. Karlsson (2009)® successfully polymerized polymethylmethacrylate (PMMA) and
polystyrene (PS) onto the surface of aluminum pigment to inhibit the oxidation process.
Formation of PS was less than PMMA due to the lower solubility of styrene in the bulk solution.
Hydrophobic initiator was preferred because of the hydrophobicity of the tail region in the
admicelle for polymerization. Inhibition test on the susceptibility of the aluminum pigments to
alkaline water for PMMA-modified aluminium pigment powder was stable (no visible changes)

up to 110 days.

C.Attaphong (2010)" tested the effectiveness of anionic polymerizable surfactant
adsorbed on positively charged alumina surface after admicellar polymerization. It was
concluded that the admicelle layer as well as the adsolubilization capacity of that layer remained

stable after washing.
Admicellar polymerization on rubber fillers: Silica

J.H.O’Haver (1994)® first started the work of admicellar polymerization on amorphous
silicas using different surfactant types: water soluble cationic cetyltrimethyl ammonium bromide
(CTAB), water insoluble cationic surfactant methyltri(Cg-C19) ammonium chloride (ADOGEN
464) and nonionic surfactant octylphenoxypoly(ethoxy)ethanol (MACOL OP10SP). Maximum
adsorption of surfactant on silica is the highest for ADOGEN, followed by CTAB and MACOL.

This is explained by larger hydrophobic group of nonionic surfactant hence lower adsorption

13



onto silica. However, for the case of water insoluble cationic surfactant ADOGEN has the
highest adsorption even with sterically 4-alkyl chains head group is explained by formation of
multiple layers on the surfaces because of Van der Waals forces and water insolubility. Ratio of
adsorbed CTAB to adsolubilized styrene was 2. Thin film of polystyrene was proved to form on
the surface using different initiation schemes for polymerization: thermally initiated
polymerization using 2,2-azobis(2-methylpropionitrile) (AIBN) initiator or redox polymerization
using ferrous sulfate. High initiator to monomer concentration was necessary when using AIBN
because of the ethanol used to dissolve AIBN participated in adsolubilization and may consume
free radicals that were formed. Slower rate of conversion was observed in redox polymerization
due to the small amount of ferrous sulfate. Very low amount and low molecular weight polymers
extracted by boiling products in refluxed tetrahydrofuran (THF) were explained by the
entrapment of polymer chains in highly porous silica surface and only shorter chains or polymer
on or near the surface can be extracted. Further explanation which suggested that monomers
diffuse into admicelle during the polymerization reaction may form polymer near the surface
with higher molecular weight while monomers which diffuse into admicelle before initiation of

polymerization may form lower molecular weight polymer.

V. Thammathadanukul et. al. (1996)° compared properties of rubber after reinforcement
of two different surface-modified silicas, one silane-coupled and the other modified by
admicellar polymerization. Cetyltrimethyl ammonium bromide (CTAB) was used to form the
admicelle, styrene—isoprene or styrene-butadiene were used as co-monomers for thin film
formation. Overall, rubber properties were improved after reinforcement of modified silicas with

both techniques especially for admicellar polymerized silicas which provided a better flex-

14



cracking resistance. They observed that the higher the surface area of admicellar polymerized

silicas, the better the rubber physical properties.

In 2005, P.Nontasorn*® successfully performed admicellar polymerization in a continuous
stirred tank reactor to produce modified silicas. Reinforcement into rubber proved to improve the
physical properties and rubber testing results were consistent with those obtained from batch

systems.

P. Rangsunvigit (2008)* used cetyltrimethyl ammonium bromide (CTAB) and
polyoxyethylene octylphenol ether (OPEO;,) to modify silica surfaces. Co-monomers of styrene
and isoprene were used to form the polymer coating. Increases in the ratio of OPEO;o: CTAB
would decrease surfactant maximum adsorption because of less interaction and steric effect of
the bulky head group of nonionic surfactant on silica. From the result, OPEO; was used to
reduce the total amount of CTAB required to form a monolayer. Specific surface area was
reported to reduce and mean agglomerate particle size was increased after surface modification.
Polymer coating was further characterized using Thermogravimetric analysis (TGA) and
Scanning electron microscope (SEM). It was found that rubber compound with modified silica

using CTAB: OPEQj ratio of 1:3 has the best mechanical properties of those tested in this study.

T. Pongprayoon (2012)** compared different methods of admicellar polymerization to
modify silica surface for the rubber reinforcement application, thermal or radiation-induced
admicellar polymerization. Cationic surfactant Cj,-, Cis-, Cie- trimethyl ammonium bromide
(DTAB, TTAB, CTAB) were used to obtain admicelle layer and isoprene was used as the
monomer. It was reported that 40phr (phr = parts per hundred rubber) of silica was the optimum

ratio for the reinforcement of a model rubber compound. Rubber compound with modified silica
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showed improved mechanical properties. Among the systems tested, modification of silica with
CTAB via radiation-induced admicellar polymerization had the best performance, which is
consistent with previous work done by N. Yooprasert et.al. (2010)*3. CTAB has the longest
hydrophobic chain length with closer packing and adsolubilized the highest amount of monomer
and hence had the best film formation. Scanning electron microscopy (SEM) images further

confirmed the better dispersion in rubber compound with modified silica.
Surface modification on other hydrophilic mineral surfaces

X.Wei et. al. (2003)* studied the effect of washing steps on admicellar polymerized
titanium dioxide and alumina. Polystyrene was proven to form on the surface using ignition loss
measurement. Soxhlet extraction with toluene however did not remove any polymer. X-ray
photoelectron spectroscopy (XPS) showed that admicellar polymerization takes place both on
internal and external surfaces. They believed that water washing removed surfactant on the

surfaces but not those in the interior surfaces or below the polymer film.

M. Marquez et. al. (2005)" discussed different methods to surface modify on sand
samples. Three different methods studied were: (1) in-situ graft polymerization of vinyl
monomers (acrylamide or acrylic acid with vinyl acetate) onto an organosilane sublayer
chemically bonded to the sand surface, (2) admicellar polymerization using
Cetyltrimethylammonium bromide (CTAB) surfactant and various monomers (acrylic acid, vinyl
acetate and acrylamide) and (3) grafting preformed using water soluble polymers onto an
organosilane sublayer which was also chemically bonded to the sand surface. y-
Methacryloxypropyl-trimethyoxysilane (MPS) was used as the silane coupling agent during the

silanation process. Among the 3 methods, grafting preformed polymers has the highest amount
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of polymer coating followed by in-situ grafting polymerization and admicellar polymerization.
They observed that the monomer’s solubility affected the amount of admicellar-polymerized on
sand surface. The higher the solubility of monomer in water, the lesser the monomer will

participate in the admicelle resulting in easy removal after washing.
Surface modification of other composite fillers

S. Das (2011)™ surface modified graphene with nylon 6-10 and nylon 6-6 polymer films
and proved that the modification prevented aggregation and showed better dispersibility in a bulk
nylon matrix. Sodium dodecylbenzene sulfate (SODS) was used to generate admicelle template
and organic solvent carbon tetrachloride (CCl,) was used to swell the admicelle surfactant to
provide a better environment at the interface for polymerization. They showed nylon film can be
noncovalently bonded onto a graphene surface and remained stable in low pH (1.7-2.5)

conditions or after being freeze dried.

Y. Zhao (2011)* successfully formed polymethyl methacrylate (PMMA) nanofilm on
rice straw fiber (RSF) surface. PMMA-modified rice straw showed good miscibility with
polylactic acid (PLA). Modified RSF can be stably dispersed in PLA with less agglomeration. As
the result, reinforcement of modified RSF into PLA composite showed improved tensile

strength, increased elongation and increased thermal stability.
Admicellar polymerization on cotton fibers

X. Ren et. al. (2008)*® used admicellar polymerization to obtain antimicrobial N-
halamines polymer coatings on cotton fibers. FTIR and SEM proved the presence of N-
halamines polymer coatings on the fabrics. The polymer-coated cotton after chlorination showed

high efficiency in inactivating Staphylococus aureus and Escherichia coli. They also proved that
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the polymer coating was stable and chlorine can be rechargeable despite 50 machine washing

cycles.

A. Siriviriyanun et. al. (2009)'° utilized admicellar polymerization to make a flame
retardant cotton fabric coated with phosphorus-containing thin film poly(acryloyloxyethyldiethyl
phosphate) (PADEP). Cationic surfactant hexadecyl/dodecyltrimethylammonium bromide
(HTAB or DTAB) were used for admicelle layer. HTAB has larger hydrophobic core hence
more ADEP adsolubilized and showed higher phosphorous content. FTIR further confirmed the
formation of thin film PAEDP. They observed the higher the ADEP concentration, the lower the
degradation temperature and the higher the char formation. All PADEP-coated cotton fabrics
have less intense burning compared to untreated cotton. In addition, PADEP-coated cotton

treated with HTAB has a self-extinguishing feature due to higher phosphorous coating.

J. Maity et. al. (2010)*° admicellar polymerized fluoropolymer thin layers on cotton
fabric and compared with direct fluorination method. Both methods successfully showed cotton
surface with great hydrophobicity after modification. They discussed the advantages and
disadvantages of both methods and found admicellar polymerization was more compatible with

existing textile processing methods.

S. Tragoonwichian et. al. (2011)* produced cotton fabric with water repellent properties
by admicellar polymerization silicon compounds as the hydrophobic surface. Point of zero
charge was reported to affect surfactant adsorption while structure of silicon-based monomer had
affected monomer adsolubilization. Hydrophobic coatings were proven by analysis from wetting
time, Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR),

Energy Dispersive Spectroscopy (EDS), X-ray Photoelectron Spectroscopy (XPS) and contact
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angle. Cotton fabric with better water repellency was produced by using cationic surfactant and
less bulky silicon compound to form a thick and uniform hydrophobic film. In 2008%, they
worked on polymerizing UV-absorbing agent 2-hydroxy-4-acryloxybenzophenone (HAB) on
cotton fabric. They observed closer packing of adsorbed surfactant sodium dodecylbenzene
sulfate (DBSA) in the presence of NaCl electrolytes. Increase in temperature increased
adsorption rate but slightly decreased adsorption amount of surfactant. In the monomer
adsolubilization study, adsolubilized HAB constrained and hence reduced surfactant adsorption.
It was reported that mole ratio of HAB to DSAB was about 1:2. FTIR and SEM images showed
the presence of poly(HAB) and the fabric exhibited great UV protection properties with stability
up to 24 hours. In his paper published in 2009%, a bifunctional cotton fabric with both great UV-
protective and water repellency was made. HAB-treated fabric was made initually and silicon-
compound methacryloxymethyltrimethylsilane (MSi) was polymerized later using admicellar

polymerization. Both process used DBSA as surfactant admicelle layer.
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3.0 REVIEW: SURFACE MODIFICATION of CaCOs3

In 1980, S. Chibowski® investigated the adsorption of SDS on CaCOs surface in the
presence of polyacrylamide (PAA) using radiotracer technique tracing for SDS labeled with *S.
The effect of pH and electrical surface charge were studied. The presence of PAA on the surface
of CaCOg; increased SDS adsorption especially when pH is greater than the pzc. PAA-SDS
complexes were assumed to be formed at CaCO3 interface and therefore basic bonding was less
sensitive to pH. It was found that PAA-SDS complexes formed in the bulk when premixing high

concentration SDS and PAA solutions which contributed to the decrease in SDS adsorption.

In one application study on rheology for oil dispersion properties of silanated CaCOj3
done by R. D. Kurkarni (1982)% it was found that silanes reduced the particle- particle

interaction and decreased the dissipation energy under shear.

K. A. Rezaei Gomari et. al. (2005)% showed that the wettability of calcite surface can be
modified by long chain fatty acid adsorption. Effect of structure of fatty acids, water composition
and pH were studied by contact angle measurement. Napthenic acid with two rings had greater
contact angle (more oil-wet) than napthenic acids with one ring. Presence of magnesium and
sulfate ions in water at pH 7 increased water wettability of calcite. While magnesium ions
remained to increase water wettability at pH above 7, sulfate ions convert calcite surface to

become oil-wet.
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Surface modification of CaCO; particles using admicellar polymerization technique to
apply as isotatic polypropylene filler was done by P. Ruangruang et.al. (2006)*. The point of zero
charge (pzc) for CaCOs3 used was reported to be at pH 11.4. Sodium dodecylsulfate (SDS) was
used as the surfactant. Equilibrium time for SDS adsorption on CaCO3 can be achieved after 18
hours. The effect of increasing sodium ions provided shielding to surfactant head group repulsion
and increased the amount of adsorbed SDS. An SDS adsorption isotherm was obtained and
admicellar polymerization was run using propylene gas monomer. FTIR characterization
analysis, gravimetric weight loss analysis, increased diameter of particles showed the presence of
thin film of polypropylene on CaCOs. The isopropylene (iPP) treated CaCO3; composite was
tested for non-isothermal crystallization studies. Crystallization temperature and the melting
endotherm of iPP filled with modified CaCO3; was lower than those for untreated CaCOj3
composite samples, which indicated reduced nucleation of filler particles. Decreases in Wide
Angle X-ray Diffraction (WAXD) crystallinity were also observed. Mechanical properties
testing on iPP filled with modified CaCO3; showed reduced vyield stress, increased yield strain,
reduced flexural strength and increased impact resistance because the thin film acted as a
lubricant between particles and the polymer matrix. Better dispersion and distribution of

modified CaCO3 was confirmed in Scanning Electron Microscopy (SEM) study.

Several studies have been done to modify the calcium carbonate (CaCOs) mineral
surface. H. Ding (2007)°> modified CaCOj3 by grinding CaCOs5 with SDS in an ultrafine stirred
mill and used this as filler in polyethylene (PE). They measured active rate which defined as
ratio of floated product over overall mass of sample after mixing in water and aeration. The
higher the active rate, the higher the hydrophobicity. Analysis with Infrared (IR) and X-ray

photoelectron energy spectroscopy (XPS) were also performed. Decreases in particle size or
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increases in specific surface area of the particles improved modification effect which means a
more hydrophobic surface. Optimum experimental conditions were studied such as concentration
of SDS, mass ratio of grinding media to feeding, and grinding forces and duration. Modified
CaCO; was incorporated into PE as filler showed improved mechanical and physico-chemical

properties. IR and XPS show SDS adsorption on the surface of CaCOs.

J. Zhang et. al. (2010)° synthesized maleic anhydride grafting polyethylene wax (MA-g-
PEW) by mixing melted polyethylene wax, maleic anhydride and free radical initiator di-tert-
butyl peroxide (DTBP). Purified MA-g-PEW was prior dissolved in toluene and mixed with
CaCOg3 by mechanical stirring. Fourier transform infrared spectroscopy (FTIR) characterization
showed the presence of MA-g-PEW in modified CaCOj3. Transmission emission microscopy
(TEM) showed less agglomeration and increases in CaCOj3 thickness after the modification.
100% active ratio (ratio of floated product over overall dispersed sample used to check for
hydrophobicity) was able to be achieved at 2.5% MA-g-PEW or above. Decrease in shear forces
and viscidity (less agglomeration) with increase weight ratio of MA-g-PEW to modified CaCO3
indicated reduction in resistance forces. Overall, the optimum weight ratio of MA-g-PEW to
modified CaCOg3 in order to completely surface modify CaCO3 from hydrophilic to hydrophobic

was reported as 2.5%.

Z. Hu etal. (2010)’ have used stearic/oleic acid to fabricate the surface of laboratory-
synthesized or commercial precipitated CaCO3;. Both commercial and laboratory precipitated
CaCOg3 (PCC) were chemically modified. Hydrophobicity analysis of the modified PCC’s was
determined by water contact angle analysis. PCC’s were stirred with fatty-acids in water/hexane
solution. Modified PCC showed increases in advancing and receding contact angle (increase

hydrophobicity) and nearly no hysteresis at the optimum conditions. Commercial PCC with
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hierarchical structure (lotus leaf-like surface) proved to be more hydrophobic with self-cleaning
function (low wetting, water rolled-off easily) after modification compared to laboratory-
synthesized PCC with flat structure. PCC modified with stearic acid had smaller advancing and
receding contact angle than PCC modified with oleic acid. It was explained that calcium stearate
salt aggregates were formed instead of a uniform hydrophobic layer. Both PCC modified with

oleic/stearic possessed self-cleaning properties.

G. G. Wang et. al. (2011) synthesized CaCOj3 by crystallization in geothermal water and
fabricated monolayers of sodium stearate on the mineral by immersion. Continuous cactus-like
CaCOg3 fouling was obtained after 48 hours of crystallization which provide the desired
roughness surface for superhydrophobicity. FTIR analysis showed the long-chain aliphatic
groups on modified CaCOs;. A large increase in water contact angle proved the

superhydrophobicity properties after modification.
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4.0 PRECIPITATION OF SDS BY CALCIUM IONS

4.1 Introduction

Precipitation of ionic surfactant in hard water is a drawback in many applications,
detergency being the major one. Precipitation of surfactant is a concern during enhanced oil
recovery process in which minimum mineral-surfactant interactions are desired. In contrast,

precipitation of surfactant can be useful in waste water treatment or some separation process.

In this study, phase behavior of sodium dodecylsulfate (SDS) in calcium chloride (CaCl,)
solution has been studied. In the presence of sufficient calcium ion (Ca®"), precipitation of
calcium dodecyl sulfate Ca(DS), takes place. A model was developed to predict the precipitation

phase boundary.
4.2 Solubility of Calcium Dodecylsulfate Ca(DS),

In a system of SDS with calcium ions, Ca(DS), will precipitate when the solubility

product (Ksp) is exceeded. This is expressed mathematically in the equation below:
Ca’*(aq) + 2DS (aq) <> Ca(DS)5(s) (4.1)
Ksp = [Caz+]un [DS_]Zmon fca 1:DSZ (4.2)

[Ca]**.. is the concentration of free calcium ions while [DSmon iS the monomeric concentration
of the anionic surfactant. fc, and fps are the activity coefficients of the unbound calcium ion and

anionic monomer respectively.
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According to the Debye Huckel theory®, activity coefficients of the ions can be calculated by:

_ —0.5139(2)3(D%°
log feca = 1+1.9782(1)0-5 (4.3)

_ —0.5139(-1)2(D%°
log fps = 1+2.3079(1)0-5 (4.4)

where I = ¥ 0.5(c;)(z;)? (4.5)
In our study, we calculated | as:

I = 0.5[Ca?*](2)? + 0.5[Cl™ ](—1)>+0.5[Na* |(1)? + 0.5[DS~ ](—1)?

I = 3[CaCl,] + [SDS] (4.6)

The Kgp can be determined by studying the phase boundary of SDS over a range of
calcium concentrations before SDS micelles are formed when all Ca** ions are unbound and all
DS’ ions are free monomer. After micelles are formed, most of the anionic monomer exists as
micelles with Ca®* ion bound onto the micelles. As a result, the precipitation boundary after the
CMC is determined by the ratio of Ca®* ion concentration bound onto anionic micelles. One Ca**
ion can neutralize charges of two DS™ micelles. This can be expressed as counterion binding of

calcium, Pca:

_2[Ca**]p

Bca = (4.7)

[DS_]mic

[Ca]*", is the concentration of bound calcium ion on the micelles while [DS Jmic is the surfactant

concentration in the micelles.

32



4.3 Experimental Materials

Sodium dodecyl sulfate (SDS) was purchased from Amresco. SDS was recrystallized
twice with 50/50 water/methanol mixture. CaCl, was obtained from Fisher Scientific. Distilled
water was obtained from Great Value. Fiber optic illuminator (Fiber-Lite Model 190) from
Dolan-Jenner Industries Inc, (Woburn Massachusetts) was used as the light source. A water bath

was used to provide constant temperature.
4.4 Experimental Procedures

1M SDS and 1M CacCl; stock solutions were prepared in deionized water. SDS solution
were prepared over a range of concentration (0 to 0.5M) and added with fixed amount of Ca?*
concentration (10, 10, 102, 10™M). Solutions were made in 10mL vials and kept in the chiller
at 4°C to force the precipitation process. The solutions were then allowed to equilibrate at 30°C
for 4 days before observation. Observation were done by directing a light source to the sample in
the dark in order to observe any presence of Ca(DS), precipitate. Samples were transferred back
to the water bath and equilibrated at 50°C for another 4 days. The same procedures were done to

observe for any precipitate formed.

4.5 Result and Discussion

45.1 Phase behavior of SDS with calcium ion

Phase behavior of SDS in different concentration of Ca®* at 30°C and 50°C was studied
(Figure 4.1 & 4.2). Experimental solubility product values of calcium dodecylsulfate Ca(DS),

and the critical ratio of Ca** counter ions binding to micelles were obtained.
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Figure 4.1: Precipitation phase boundary of SDS with calcium ion at 30°C
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Figure 4.2: Precipitation phase boundary of SDS with calcium ion at 50°C
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Figure 4.3 Temperature effect on precipitation phase boundary of SDS with calcium ion.

At SDS concentrations below the CMC, [Ca]**., = [CaCl,] and [DS Jmon= [SDS]. The Ksp
can be calculated by fitting the known concentration of [CaCl,] and [SDS]. Calculation of Ky, by
minimizing the sum of error Z(Ksp - [Ca®*]un [DS?mon fca fos®) is shown in Appendix A6 & A9.
Value calculated for Kg, was 1.55x10° M?® at 30°C and 8.58x10°M°® at 50°C. At SDS
concentrations above the CMC, the ratio of Ca®* ion concentration bound onto anionic micelles
was determined. Pca=2[Ca?*]p/[DS Jmic=0.22 at 30°C and 0.20 at 50°C. Stellner (1989)*, reported
a Ky value of = 5.02x10°M?, and a counter ion binding constant Bc, of = 0.20 and Bna= 0.45 at
30°C. Maneedaeng (2010)? showed that the Ksp for Ca(DS), increases exponentially with

temperature:

Ksp = (1.9369x10™°) + (2.1101x10™*)exp(0.2289T) (4.8)
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where T is in °C. From his result, Kg, of Ca(DS); is calculated as 2.14 x 10"°M® at 30°C and

2.17x10°M?3 at 50°C.

From the figure, we can observe a sudden change in the slope after the CMC. This can be
explained by the ability of micelles to compensate for higher concentration of Ca®* counter ion.
The higher degree of DS ions bound in the micelles, the higher the Ca®* concentration needed to

cause precipitation.
4.5.2 Precipitation of SDS by calcium carbonate (CaCO3)

The solubility product for this system was determined to see if any precipitation occurred
in the system SDS/CaCOs. The solubility product of CaCOj; at 30°C was reported® as 8.7x10
®M?. Thus, constant Ca?* ion concentration is calculated as square root of Ksp(CaCOgz) which is

9.33x10™°M. The ionic strength in the solution was expressed as
I =0.5[Ca?"](2)? + 0.5[C05*" |(—2)?+0.5[Na* ](1)? + 0.5[DS~](—1)?
I = 4[CaC03] + [SDS] = 4./Ksp(CaC03) + [SDS] (4.9)

The ionic strength, I, was used to calculate the activity coefficients fc, and fps. Before the CMC,
[Ca®]un [DSTPmon fca fos® was computed and compared with experimental Kg,. Above the CMC,
we compared the critical ratio 2[Ca®"]y/[DS Jmic with experimental values of Bca. If [Ca®*]un [DS
PPmon fca fos® > Ksp or 2[Ca®*]/[DSmic > Pca, precipitate formed, otherwise the solution was
clear. It was calculated that precipitate formed in the range of 5.12 to 6.85x10°M SDS

concentration at 30°C.
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4.6 Conclusion

In conclusion, SDS precipitated in the presence of calcium ions forming Ca(DS),. The
phase behavior was shown, and the solubility product K, and critical ratio of calcium ion to
dodecylsulfate anion in the micelles Bc, Were obtained by regression fitting. As the result, the

model we applied was able to predict the precipitation phase boundary.
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50 SURFACE MODIFICATION OF CALCIUM CARBONATE BY ADMICELLAR

POLYMERIZATION
5.1 Introduction

Calcium carbonate (CaCO3) has wide application as mineral filler for polymers, and as an
additive in rubber, adhesives, paint and paper, oil and gas drilling fluids etc. CaCO3 usually has a
high energy hydrophilic surface which limits the usage in the above mentioned applications.
Hence, efforts had been made to modify the surface of CaCOj3 including direct methods such as
immersion in sodium stearate solution, mechanical mixing with hydrophobic compounds®*,
mechano-activated surface modification in wet ultra-fine grinding systems®, pH dependent
adsorption® and by silanation’. In this study, the formation of a thin polymer film using
admicellar polymerization was attempted in order to modify the CaCO3 surface. Previous work
has used admicellar polymerization to obtain ultrathin polypropylene film on CaCOj; surface®. In
our study, we used sodium dodecyl sulfate (SDS) surfactant and adsolubilized and polymerized

styrene to get a polystyrene thin film on the surface.
5.2 Experimental Materials

Different size grades of CaCO3 with average diameter d(0.5) of 8, 26 and 105 um were
obtained from BCI Chemical Sdn. Bhd. SDS biotechnology grade was purchased from Amresco,
Solon, Ohio. Styrene 99% was obtained from Acros Organics, New jersey, USA.

Azoisobutylnitrile (AIBN) 98% initiator was purchased from Sigma Aldrich, St. Louis, MO.
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Preliminary testing of the CaCOj3 surface area was obtained using Laser Diffraction
method (by supplier) and Brunauer-Emmett-Teller (BET) theory analysis. Results were
summarized in Table 5.1. The data observed had very high deviation between the two methods
for fine and extra fine CaCQOg, up to 41% difference. The deviation contributed may be due to the

difference in data interpretation for both method and also the different treatment during the

analysis.

Extra Fine Fine Coarse
Particle size, d(0.5) pm 8.3 26.2 105.0
Specific surface area, m/g 1.74 1.00 0.22
(Laser Diffraction)
Specific surface area, m/g 1.09/1.776 0.59/0.987 0.28/0.498
(Nitrogen BET)
Difference % 37 41 27

Table 5.1: Specific surface area of different grade of calcium carbonate: extra fine, fine,
and coarse by Laser Diffraction Method and Nitrogen BET analysis.

The CaCOj particle’s surface potential behavior was examined at different pH’s and the
“point of zero charge” (pzc) determined for the various grades of CaCOs. It was concluded that
the pHyc falls in the range of 10.5-13 (Figure 5.1). Solution with CaCOj3 in water exhibited
buffer characteristics with an equilibrium pHeqm of ~9. Surface charge on calcium carbonate will
be positive at equilibrium and hence anionic surfactant SDS is suitable for achieving admicelle

adsorption.
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Figure 5.1: Point of zero charge (pzc) measurement of extra fine, coarse CaCOs.

The critical micelle concentration (CMC) of SDS in CaCO; saturated water was
determined to be ~4mM, which is 51% lower than that of pure SDS (Literature data: 8.1mM)°.
From the slope of surface tension vs. log [SDS] and applying the Gibbs equation, one can also
calculate a surface area per molecule (a%) for SDS at saturation of 18.1 A%/molecule. With both
the value for specific surface area of calcium carbonate and surface area per molecule for SDS,
the amount of surfactant necessary for monolayer coverage was calculated for each size category

of substrate and is summarized in Table 5.2.
Gibbs equation for (1:1) ionic surfactant in swamping electrolyte:
I' =-1/(2.606RT) *(5y/6logC;) (5.1)

a1 = 10%/NI', (5.2)
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Monolayer calculation (umol/g)

2

Specific surface area of calcium carbonate (m?) (1019)2 A2 10%umols
= - X X
2 23
Surface area per molecule SDS (moi zcule) m 6.02 X 10**molecule
(5.3)

dy/8logCy is the slope of surface tension vs log SDS concentration plot, y is in mN/m, R is the
gas constant 8.31 J/mol-K, T is the temperature in Kelvin, I is in unit of mmol/m?. N is the

Avogrado number 6.02x10%. a°; gives unit of A%/molecule.

Extra Fine Fine Coarse
Particle size, d(0.5) pum 8.3 26.2 105.0
Monolayer, umol/g (Laser Diffraction) 32.00 18.39 4.05
Monolayer, umol/g (Nitrogen BET) 20.71 10.91 4.71
Difference % 35 41 16

Table 5.2: Calculated monolayer coverage (pmol/gm) for extra fine, medium, coarse
calcium carbonate.

5.3 Experimental Procedures

In the section mentioned previously (Section 5.2), particle size analysis was done using
Malvern Zetasizer and NOVA B.E.T. Surface area analyzer. Malvern Zetasizer Nano ZS was
used in PZC measurement. CMC measurements were obtained using the standard ring method in

a KSV 70 tensiometer.

Surfactant adsorption experiments were started by preparing increasing concentration of
SDS solution via a dilution method on 1 g of CaCO3 solid. Samples were shaken vigorously and
left overnight. Solution in the bulk was withdrawn and filtered the next day and the SDS

concentration determined by a two-phase titration method described in T. Barr et. al.’’. The
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amount of adsorbed SDS can therefore be obtained by the change in concentration method,

Co—C)V
Ngq = L=V ml) (5.4)

Nag is the amount of adsorbed surfactant per gram of adsorbent (mol/g), C,-C; is the difference of
surfactant concentration before adsorption and after adsorption, V is the volume of the liquid
phase and m is the mass of adsorbent. The adsorption isotherm can then be plotted as adsorbed

surfactant versus equilibrium surfactant concentration (Appendix B1 to B3).

Similar steps were used for determining styrene adsolubilization. A series of samples
with increasing styrene concentration but constant SDS concentration (equilibrium concentration
~90% CMC) were added to 1g of CaCO3. Samples were shaken vigorously and left overnight.
The bulk solution was obtained by syringe filtration and analyzed by Shidmazu UV-VIS
spectrophotometer analysis at 281nm. Similarly, the amount of adsolubilized styrene was
computed by the change in the concentration method, using a calibration curve to determine the

bulk concentration from the UV readings (Appendix B4 to B9).

Once adsorption and adsolubilization data are available, a ratio of SDS:Styrene for
polymerization runs was determined. Polymerizations were carried out at various ratio of
SDS:Styrene and a ratio of 10:1 for Styrene:AIBN. The solid was dispersed in a solution
containing SDS and styrene for 3 hours initially. Next, AIBN was added and left for another 3
hours. Samples were shaken once every hour during these 6 hours. Then, samples were
transferred to a 70°C water bath to start polymerization and were allowed to stay in the bath for 3
hours. After polymerization, samples were washed with distilled water at least 5 times to remove
accessible surfactant. Samples were dried in the oven at 100°C for overnight and the final

product obtained.
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Characterization of modified CaCO3; was carried out by Fourier Transform Infrared

Spectroscopy (FTIR) and Atomic Force Microscopy (AFM) analysis.
5.4 Result and Discussion

Adsorption isotherm results for SDS on different grades CaCOs is shown in Figure 5.2.
From the figure, we observed the saturated adsorption for extra fine, fine and coarse CaCO3 were
35, 65, 13umols/gm. It was noted that fine CaCO3 has the highest SDS adsorption even though
extra fine CaCO3 has the highest specific surface area. Table 5.3 showed a comparison to the
calculated bilayer adsorption with the experimental value from adsorption isotherm. The
experiment value showed comparable result to bilayer adsorption calculated from BET specific
surface area result except for fine grade CaCOgs. A very high deviation from calculated and
experimental value (up to 66% difference) was observed for fine CaCOj; for which we have

found no explaination.

From the adsorption isotherm (Figure 5.2), we observed SDS adsorption decreases after
CMC. We suspected SDS was being precipitated by some calcium ions (Ca®*) and forming

calcium dodecylsulfate Ca(DS),. However, in our of our study on Ca(DS); solubility (Chapter 4),

Extra Fine Fine Coarse
Bilayer, umol/g (Laser Diffraction) 64.00 36.78 8.10
Bilayer, umol/g (Nitrogen BET) 41.42 21.82 9.42
SDS saturated adsorption, pmol/g 35 65 13

Table 5.3: Comparison between calculated and experimental amount of SDS adsorption on

different grade CaCOs3.
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Figure 5.2a: Adsorption isotherm of SDS on extra fine CaCOs.
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Figure 5.2b: Adsorption isotherm of SDS on fine CaCOs.
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Figure 5.2c: Adsorption isotherm of SDS on coarse CaCOs.
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we showed that in fact that the Ca(DS), precipitate phase boundary changed dramatically after
reaching SDS CMC. The presence of SDS micelles takes up Ca** ions and reduces precipitation.
Thus, the trend observed in adsorption isotherm can be explained to be precipitation and

dissolution of Ca(DS), which contributed to the adsorption maxima.

After getting saturated amount of SDS on each different calcium carbonate, styrene
adsolubilization was obtained (Figure 5.3). Saturated styrene adsolubilization for extra fine, fine,
and coarse CaCOj observed were 20, 20, 7umol/g. The ratio of adsorbed SDS to styrene
(mol/mol) was around 2 except for fine grade CaCO3 which is 3.25. The partition coefficient,

Kaam for each grades of CaCO3; was calculated and plotted against styrene bulk concentration

(Figure 5.4).
Xadm
Kaim="— (5.5)
eq
. Cad
Xadm_ Cad+csurfad (56)

Cag- Styrene concentration in admicelle
Ceq- Styrene concentration in bulk

Csurag- SUrfactant adsorbed
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Figure 5.3a: Styrene adsolubilization on extrafine CaCOj3 at 35pmols SDS/g.
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Figure 5.3b: Styrene adsolubilization on fine CaCOj3 at 65pmols SDS/g.
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Figure 5.3c: Styrene adsolubilization on coarse CaCOj3 at 13pmols SDS/g.
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Figure 5.4: Partition coefficient K,gm against styrene bulk concentration.

For all three different grades CaCOs;, Kam increases when styrene bulk concentration
increases suggesting that styrene initially partitioned at the core of the admicelle while at higher
styrene bulk concentrations the Kaym decreases with styrene bulk concentration, suggesting

styrene partitioning into the palisade of the admicelle.!!

From both the result of adsorption and adsolubilization, admicellar polymerization
experimental runs were planned as below (Table 5.4) with the corresponding ratio of SDS

adsorbed: Styrene adsolubilized.
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Extra Fine Fine Coarse
SDS adsorbed: Styrene adsolubilized (HH) 1.75 3.25 1.86
SDS adsorbed: Styrene adsolubilized (HM) 3.50 6.50 -
SDS adsorbed: Styrene adsolubilized (HL) 5.25 - -
SDS adsorbed: Styrene adsolubilized (MH) 0.53 0.67 0.31
SDS adsorbed: Styrene adsolubilized (MM) 1.06 1.34 0.62
SDS adsorbed: Styrene adsolubilized (ML) 1.59 2.01 -

Table 5.4: Ratio of SDS adsorbed: Styrene adsolubilized in admicellar polymerization
experiment run. (H:high, M:medium, L:low)
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Figure 5.5: FTIR spectrum for CaCOj3 before and after admicellar polymerization.

Subsequent characterization by FTIR was done to compare the unmodified and modified

calcium carbonate (Figure 5.5). Fundamental bands of calcite were observed at 708 cm™ (v4 -in-
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plane bend), 883 cm™ (v2 -out-of-plane bend) and at about 1400 - 1500 cm™ (v3 —asymmetric
stretch).  Some changes shown at 1060cm™ can be contributed from S-O stretching due to the
SDS residue. Overall, no polystyrene absorption in spectrum could be found after admicellar

polymerization.

Tapping mode AFM imaging was also performed to check for polystyrene thin film

(Figure 5.6 & 5.7). However, no soft polymer phase was observed.

130.0 nm m

H

1: Height

Figure 5.6: AFM image of extrafine CaCOs after polymerization.

1: Height 300.0 nm 0.0 300.0 nm

Figure 5.7: AFM image of fine CaCOg after polymerization.
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5.5 Conclusion

SDS adsorption and styrene adsolubilization were observed from adsorption and
adsolubilization isotherm. However, attempts to form polystyrene thin films on CaCOs, a
relatively soluble and non-porous mineral surface, using admicellar polymerization was found to
be unsuccessful. This was in contrary with the result obtained by P. Ruangruang et. al.? because
the concentration of SDS used in their studies were relatively low and therefore no precipitation
issue (discussed in Chapter 4). Negative result shown in final product required further

investigation such as using nonionic surfactant (avoid precipitation).
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6.0 DRILLING FLUIDS TESTING

6.1 Introduction®

Petroleum consists of organic materials derived from animals and plants over millions of
years ago. Oil and gas migrated within the permeable strata and became trapped in reservoirs.
Oil and gas might be found near sedimentary rocks which consist of carbonate rocks, limestone
or dolomites. They can be found in salt domes which result from the deformation of upward
rising of salt that trap and accumulate the oil. Many of the reservoirs were found beneath
horizontal salt layers. Oil and gas trapped in reservoirs can be categorized as structural
(deformation by folding of rock layers) or stratigraphic (geological process due to difference in

rock properties).

6.1.1 Drilling methods

An early traditional way in petroleum drilling is called cable tool drilling. An impact tool
is dropped to crush the rocks which are retrieved later as cuttings using a bailer. The process is
simple but works only for shallow wells and is not time efficient. Another way of drilling is
rotary drilling. This type of drilling uses continuous circular motion of drills bits to break rocks
and removed cuttings from the bottom of the wellbore up to the surface through an annulus.
Here, drilling mud is used to lubricate and keep the bit cool, and to suspend, remove and release
cuttings from the wellbore. Drilling mud can be circulated back after removal of cuttings using
separation devices such as shale shaker. This process is more advanced with enhanced

efficiency. A third method of drilling is called coiled-tubing drilling. This method features
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continuous drill string made of steel or composite that is flexible and can be run in and pulled out

easily compared to conventional drill pipe which requires assembling and dismantling

6.1.2 Function of drilling fluids

Drilling fluid has the important functions as below:

» Suspension, removal, and release of cuttings

* Pressure control

» Seal permeable formations

»  Well bore stability and minimizing formation damage

» Lubrication, cooling and support of bit and drilling assembly

« Transmit hydraulic energy to tools and bit

» Facilitate cementing and completion

* Minimize impact on environment

6.1.3 Composition of drilling fluids

Drilling fluid can be classified into 3 different types according to its base fluid and

constituents?:

e Water-based (Fresh water)
» Solution: True and colloidal, i.e., solids do not separate from water on

prolonged standing. Solids in solution with water include: salts (e.g., sodium

57



chloride, calcium chloride), surfactants (e.g., detergents, flocculants),
organic colloids (e.g., cellulosic and acrylic polymers)
» Emulsion: An oily liquid maintained in small droplets in water by an
emulsifying agent (e.g., diesel oil and a film-stabilizing surfactant)
» Mud: A suspension of solids (e.g., clays, barite, small cuttings) in any of the
above liquids, with chemical additives as required to modify properties
e Non-aqueous (Oil: Diesel or crude)
» Oil mud: A stable oil-base drilling fluid contains: 1. Water-emulsifying
agents 2. Suspending agents 3. Filtration-control agents
» Contains cuttings from the formations drilled. May contain barite to raise
density
e Gaseous (Dry gas: Air, natural gas, exhaust gas, combustion gas)
» Mist: Droplets of water or mud carried in the air stream
» Foam: Air bubbles surrounded by a film of water containing a foam
stabilizing surfactant
» Stable foam: Foam containing film-strengthening materials, such as organic
polymers and bentonite

6.2 Additives in drilling fluids: Review on Calcium Carbonate

Drilling fluid additives play a major role in their applications. Types of additives can be
categorized according to their functionality such as: viscosity control, weighting agents,
corrosion inhibitors, bacteria control, shale stabilizers, clay stabilizers, formation damage

prevention, lost circulation materials, lubricants, surfactants, emulsifiers, defoamers and more.
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Our target material calcium carbonate falls into the category of weighting agent and lost
circulation material (LCM)/ bridging agent. Often barite is the most common weighting agent
but calcium carbonate is preferable when a high density drilling fluid is not required. Calcium
carbonate is much cheaper and less abrasive. It is readily soluble in hydrochloric acid which is

commonly used to stimulate a production well.
Some review on bridging theory in the past:

e A. Abrams (1977)2 claimed two guides in selecting proper size and concentration of
bridging materials.
» Median particle size of the bridging materials has to be equal or slightly
greater than 1/3 of the median pore size of the formation
» The concentration of bridging materials has to be at least 5% of the total solids
volume on the final mud
e M.A. Dick et. al. (2000)* proposed Ideal Packing Theory which can achieve a particle
size range with optimum size distribution for improved bridging efficiency in drilling
fluids. The theory was derived from DY2 rule by M. Kaeuffer (1973)° who proposed
that ideal packing occurs when cumulative volume vs. square root of particle’s
diameter (D*?) has a linear relationship.
e S. Vickers et. al. (2006)° later claimed “The Vickers Method” which is an improved
theory of Abrams Rule and Ideal Packing Theory. Five criteria that were to fulfill:
» D90 = |largest pore throat
» D75 < 2/3of largest pore throat
» D50 +/- 1/3 of the mean pore throat
>

D25 1/7 of the mean pore throat
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» D10 > smallest pore throat

Filtration control is one of the main criteria required in drilling fluids in order to
minimize fluid loss, particles invasion and formation damaging. Bailey et. al. (1999)’ concluded
that quick formation of external filter cake and thin internal filter cake are important to avoid lost

of solids that plug the surface pores and reduce formation permeability.

M. Aston et. al. (2002)® had detail studied the effect of common oil muds additives on
fluid loss control. They found 3 major components that play the important role: an emulsified
system, fine solids with platey structure (e.g. organophilic clay) and fluid loss control agent.
They had pointed out that granular shaped lime or larger particles such as barite and calcium
carbonate created filter cake with large void spaces and provide no fluid loss control in a non-
viscosified system. Emulsion and solid materials give better performance when both were
present. Despite the function of fluid loss additives, they cannot replaced clay solids and
emulsion system. Low oil/water ratio was preferable with proper control on viscosity changes.
They proposed the mechanism of oil flowing through the interfacial region between

particles/droplets from the filter cake permeability.

M.C. Goud (2006)° studied the combined use of graphite and calcium carbonate to
strengthen the oil-well formation. The group discussed the ability of graphite to seal the fractures
and followed by calcium carbonate to hold the mouth of the fracture opening. The study showed
the possibility to drill through challenging wellbore with small operational window of pore
pressure and fracture pressure by well monitoring the use of bridging and sealing agents with the

correct size and concentration accordingly.
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Omland et. al. (2007)*° optimized the particle concentration and size distribution using
solids control equipment. The bridging particles used were mixtures of calcium carbonate,
graphite and nutshells. They pointed out the importance of continuous control of correct

concentration and size distribution upon using the solids control equipment in the field.

S. Vickers etal. (2007)* verified that a fluid formulation with graphite, calcium
carbonate and sulphonated asphalt reduced the risk of large filtrate invasion and minimized pore
pressure transmission. The presence of graphite has the largest effect on fluid loss control and
increasing return permeability. A fluid containing all three components proved to have the best

return permeability in their studies.

Z. Li et. al. (2011)™ tested on the effect of particle distribution and surface modification
of calcium carbonate to the drill-in fluid’s performance. Optimum blend of various sized calcium
carbonate was achieved with design software based on D2 theory of Ideal Packing Theory.
Among the surface active agents and coupling agents used to modified calcium carbonate’s
surface, stearic acid provides the best modification effect. They claimed that the organophilic
passageway in the filter cake formed by the modified calcium carbonate increases the
permeability for oil and gas during production. They concluded that optimization of calcium
carbonate particle size distribution according to Ideal Packing Theory and modified surface
nature of calcium carbonate can lead to high performance drilling fluids with good fluid loss

control and return permeability.

In our study, we tested the performances of our laboratory made admicellar polymerized
CaCOs in drilling fluids. Modified and unmodified CaCO3; were mixed in low and high content

CaCO3; mud formulation and the rheology and fluid loss properties were compared.
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6.3 Experimental materials

Oil-based drilling fluids were made with: base oil (Escaid 110), primary emulsifier
(LT3), secondary emulsifier (S-emul), lime, organophilic clay (BENTONE 38 and GELTONE),
drill water, calcium chloride (CaCl,), and calcium carbonate (CaCOs3) in range of particles sizes

stated in Table 6.1. Complete formulations were summarized in Table 6.2 & 6.3.

d(0.1) d(0.5) d(0.9)
CaC0Os3(C) 26.3 105.0 284.6
CaCoO; (F) 2.3 26.2 66.2
CaCoOs; (XF) 1.2 8.3 17.6
Modified CaCOj3(C) 8.9 74.5 324.6
Modified CaCOs3 (F) 2.9 23.5 74.0
Modified CaCO; (XF) 1.7 10.4 20.7

Table 6.1: Particle size distribution for CaCO3; and modified CaCOj3 (as in Chapter 5) used

in the mud testing.

Equipment used in the testing included: OFITE Metal Mud Balance (#115-00-10) for density
measurement, OFITE Electrical Stability Meter, Hamilton Beach Mixers for mud mixing, Fann
Series 35 Viscometer for rheology testing, OFITE aging cell, roll oven, and high-temperature

high-pressure (HTHP) filter press for fluid loss measurement.

6.4 Experimental procedures

Mud was prepared according to standard formulation; one containing high CaCO3 content and
another low CaCOj3 content (Table 6.2 & 6.3). Mud was prepared using commercial available
CaCOg, (Control) or with modified CaCO3; (Sample). Each mud testing involved the following

steps:

1. Mix the mud appropriately. (Table 6.2 & 6.3)

2. Check mud density and viscosity before hot roll.
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3. Pour the mud into aging cell and place in the hot rolling oven at 275°F for 16 hours.

4. Cool the mud to room temperature and mud density and rheology are tested after hot
roll. Measure electrical stability value (ESV) of the mud.

5. Perform HTHP filtration test with testing condition of 275°F and 500psi differential
pressure. Report fluid loss results as 2 times the volume of fluid obtained in 30mins
and measure the filter cake thickness.

6.5 Results and discussions

Results for mud properties are collected in Table 6.4 and 6.5 and summarized in Figure
6.1. Plastic viscosity (PV) and yield point (YP) are the parameters of the Bingham plastic model.
PV is the slope of the shear-stress/shear-rate curve when extrapolated to infinite shear rate. It is a
measure of fluid’s resistance to flow caused by mechanical friction between solids-solids, solids-
liquids and shearing layers of the mud itself.”* Hence, mud density is increased by the addition of
weighting agent (eg. CaCQOs, barite), this in turn increases PV (viscous and high concentration of
solids). However, high PV means a high frictional pressure at the annulus which might lead to
formation damage. Therefore, PV is an indication of solids control in the mud system. YP is the
yield stress extrapolated to zero shear rate. It is a measure of the electro-chemical attractive
forces between particles within the mud under flowing conditions. It is a function of the surface
properties and volume concentration of the mud solids.*® It can be used to interpret the mud’s

carrying capacity to lift cuttings out from the annulus.

High density, high PV and high YP were observed in high CaCO3; content formulation
which is expected due to abundance of CaCOj3. PV reduced after hot roll showed the effect of
temperature treatment to viscosity change in mud. Sample A showed a slightly higher PV (48cP)

than Control A (38cP) but both have same YP. Higher PV may be due to increase in ultra-fine
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drill solid content in the sample mud caused by friction during hotroll. Overall, both have rather

the same properties (HTHP fluid loss= 3.6ml).

For low CaCO3 content mud, lower mud density was obtained (mud weight for Sample B
is 10.2 pounds per gallon). Both muds became thicker after temperature treatment. Both have the
same PV, however Sample B has a higher YP (73 Ib/100ft?) compared to Control B (54
Ib/100ft?). This is due to Sample B has overall higher viscosity than Control B. Higher YP can be
explained by neutralization of negative charges in clay particles and hydrophobic surface
properties of modified CaCO; bringing the particles closer resulting in flocculation.®® This
indeed showed that the effect of surface modification CaCOj contributed to the rheology
difference between Control B and Sample B. In addition, HTHP fluid loss proved to be improved
from 4ml (Control B) to 3.2 ml (Sample B). Organophilic passageway discussed by Z. Li et.
al.(2011)* can be used to better explain fluid loss control when hydrophobic surface- modified

CaCOs formed a thin filter cake that restrict the water from passing through.
6.6 Conclusions

Based on the observation of low content CaCO3; mud, we are able to compare readily
available CaCO; and surface-modified CaCOs. The hydrophobic surface properties of modified
CaCOg; indeed increase mud’s viscosity and give higher YP. An organophilic passageway of

filter cake was formed and provided good fluid loss control.
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MIXING PROCEDURE

Mixing Weight Mixing | Mixer
PRODUCT NAME S.G. | % Vol. Ib/bbl 350 mL | Scale down .
Procedure gram Time | Speed
Escaid 110 1 0.800 | 1.103 124.99 156.24 124.99 100.00 5
LT3 2 0.940 | 0.400 10.00 56.70 53.30 50.10 Low
Lime 3 2.200 | 0.019 6.00 2.73 6.00 13.20 Low
BENTONE 38 4 2.200 | 0.013 4.00 1.82 4.00 8.80 5 Low
Drill Water 5 1.000 | 0.368 52.08 52.08 52.08 52.08 10 Low
GELTONE 6 1.700 | 0.025 6.00 3.53 6.00 10.20 0 Low
S-emulsifier 7 0.940 | 0.013 1.00 1.89 1.78 1.67
CaCl, 8 1.700 | 0.095 23.00 13,53 23.00 39.10 10 Low
CaCO;(XF) 9 2.700 | 0.086 33.00 12.22 33.00 89.10 10 High
CaCO; (F) 10 2.700 | 0.261 100.00 37.04 100.00 270.00 10 High
CaCO; (C) 11 2.700 | 0.086 33.00 12.22 33.00 89.10 10 High
393.08 141.68 10.41
Mud weight
Remarks: VolmL | 350.00 105
Low Speed 75 Low
High Speed 10 | High
Total minutes 85 Min.
Hot Static - °F Formulation No.
Hot Rolling 275 °F Date:
Hours Run 16 hours Tested by:
Table 6.2: Mud formulation with high CaCOj3; content
MIXING PROCEDURE
PRODUCT | MiXing | o oo /ot | 1pbbl | 350 mL | Scale down | V9Nt | Mixing ) Mixer
NAME Procedure gram Time Speed
Escaid 110 1 0.800 | 1.696 14473 | 180.91 144.73 115.78 5
LT3 2 0.940 | 0.499 50.09 | 53.29 50.09 47.08 Low
Lime 3 2.200 | 0.024 5.64 2.56 5.64 12.41 5 Low
BENTONE 38 4 2200 | 0.024 5.64 2.56 5.64 12.41 5 Low
Drill Water 5 1.000 | 0.567 6052 | 60.52 60.52 60.52 10 Low
GELTONE 6 1.700 | 0.041 752 4.42 7.52 12.78 10 Low
S-emulsifier 7 0.940 | 0.017 1.67 1.78 1.67 157
CaCl, 8 1.700 | 0.119 21.62 12.72 21.62 36.75 10 Low
CaCO;3(XF) 9 2.700 | 0.018 5.07 1.88 5.07 13.70 10 High
CaCoO; (F) 10 2.700 | 0.053 15.22 5.64 15.22 41.11 10 High
CaCO; (C) 11 2.700 | 0.018 5.07 1.88 5.07 13.70 11 High
Barite 12 4200 | 0.205 9172 | 21.84 91.72 385.24 10 High
414,52 106.68 9.87
Mud weight
Remarks: Vol mL 350.00 118
Low Speed 86 Low
High Speed 10 High
Total minutes 96 Min.
Hot Static - °F Formulation No.
Hot Rolling 275 °F Date:
Hours Run 16 hours Tested by:

Table 6.3: Mud formulation with low CaCO; content
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Mud Properties Control A Sample A
BHR | AHR | BHR | AHR
Mud Weight ppg 10.8 10.9 111 111
600 rpm 256 201 239 221
300 rpm 192 163 170 173
200 rpm 157 140 141 146
100 rpm 115 112 102 113
6 rpm 47 56 39 58
3 rpm 41 51 34 53
Plastic Viscosity cp 64 38 69 48
Yield Point Ib/100ft* | 128 125 101 125
Gel Strength 10 sec 39 46 35 48
Gel Strength 10 min 53 45 45 47
2H7E°HFljéOOpsi ml 36 36
HTHP Filter Cake cm 0.2 0.3
ESV, 120°F volt 1287 534 800 654

Table 6.4: Mud properties with high CaCO3 content.
BHR= before hot roll, AHR= after hot roll 275°F 16hrs.

Mud Properties Control B Sample B
BHR | AHR | BHR | AHR
Mud Weight ppY 10.2 10.0 10.2 10.2
600 rpm 80 114 78 141
300 rpm 51 84 46 107
200 rpm 40 71 34 91
100 rpm 27 56 20 72
6 rpm 9 29 4 39
3 rpm 8 10 3 36
Plastic Viscosity cp 29 30 32 34
Yield Point Ib/100ft* 22 54 14 73
Gel Strength 10 sec 9 26 3 32
Gel Strength 10 min 11 29 8 32
2H?EI°_IFF/)éOOpsi ml 4.0 3.2
HTHP Filter Cake cm 0.2 0.2
ESV, 120°F volt 185 517 206 583

Table 6.5: Mud properties with low CaCOj3; content.
BHR= before hot roll, AHR= after hot roll 275°F 16hrs

66




140 140
120 120
100 — 100
30 30
60 OControl A 60 O Control B
B Group A B Group B
40 40
20 20
0 0
Plastic Yield point Plastic Yield point
viscosity(cP) (lb/100ft2) viscosity(cP) (lb/100ft2)
4 4
3.5 — 3.5 —
3 3 —
2.5 — — 2.5 +—
2 2
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0 0
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loss (ml) cake (mm) loss (ml) cake (mm)

Figure 6.1: Comparison of mud properties (plastic viscosity/cP, yield point/(Ib/100ft?),
HTHP fluid loss/ml, HTHP filter cake/mm) after hot roll 275°F 16hrs.

A: High CaCO3; content mud

B: Low CaCOj; content mud
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Al: Phase boundary SDS-Ca®" at 30°C (Test1)

Phase boundary SDS-Ca”* at 30°C (Test1)

M Vol(mL) MW wt(g)
STOCK SDS 1 25 288.38 m
10xdil SDS 0.1
25xdil SDS 0.041096
100xdil SDS 0.01
STOCK CaCl2 1 250 110.98
10xdil CaCI2 0.1
100xdil CaCl2 0.01
1000xdil CaCl2 0.001 clear
10000xdil CaCl2 0.0001 precipitate
Total vol/ml 10
F D B
20 20 20 20
[Ca2+]st 100xdil STKCaCl2 |
k/ml 1 1 [SDS] in 1 1 ml
[SDS]/M stk sds/ml  |Dil/ml | 1.00E-04| 1.00E-03| |B&D 1.00E-02| 1.00E-01|M
0 0.00 9.00 0.00E+00
1.00E-04 0.10 8.90 1.00E-04
2.50E-04 0.25 8.75 2.50E-04
5.00E-04| & 0.50 8.50 4.11E-04
7.50E-04| 2 0.75 8.25
1.00E-03] & 1.00[  8.00
2.00E-03| 8 2.00 7.00
3.00E-03 3.00 6.00
4.00E-03 4.00 5.00
5.00E-03 5.00 4.00
6.00E-03 0.60 8.40
7.00E-03| 0.70 8.30
8.00E-03| 0.80 8.20
9.00E-03| 5 0.90 8.10
1.00E-02| & 1.00  8.00
2.50E-02 2.50 6.50
5.00E-02 5.00 4.00
7.50E-02 0.75 8.25 7.50E-02
1.00E-01| g 1.00 8.00 1.00E-01
2.50E-01| & 2.50 6.50 2.50E-01
5.00E-01| 5 5.00 4.00 5.00E-01
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A2: Phase boundary SDS-Ca®" at 30°C (Test2)

Phase boundary SDS-Ca** at 30°C (Test2)

74

M Vol(mL) MW wt(g)
STOCK SDS 1 100 288.38]_ 28.838]
10xdil SDS 0.1
25xdil SDS 0.041096
100xdil SDS 0.01
STOCK CaCl2 1 250 110.98
10xdil CaCl2 0.1
100xdil CaCl2 0.01
1000xdil CaCl2 0.001
10000xdil CaCl2 0.0001
Total vol/ml 10 H G F E D B
20 10 20 100 20 20
[Ca2+]st [1000Xail | 100xdil [20xdil " [sTock caci2_|
k/ml 1 0.5 1 5 1 1 |ml
[SDS]/M stk sds/ml[Dil/ml | 1.00£-04] 5.00E-04| 1.00£-03| 5.00E-03| 1.00E-02[ 1.00E-01|m
0 0 0.00] 9.00
1 1.00E-04 0.10]  8.90
2 2.50E-04 0.25] 875
3 5.00E-04| 2 0.50] 850
4 7.50E-04| 2 0.75 8.25
5 1.00E-03| 2 1.00]  8.00
6 2.00E-03| S 2.00] 7.00
7 3.00E-03 3.00] 6.00
8 4.00E-03 4.00[ 5.00
9 5.00E-03 5.00 4.00
16.60
10 6.00E-03 0.60]  8.40
11 7.00E-03| 0.70] 830
12 8.00E-03] 0.80] 8.20
13 9.00E-03] = 0.90] 8.0
14 1.00€-02| & 1.00]  8.00
15 2.50E-02 250  6.50
16 5.00E-02 500  4.00
11.50
17 7.50E-02 0.75] 825
18 1.00E-01 1.00  8.00
19 2.50E-01 250  6.50
20 5.00E-01 500  4.00
] 9.25



A3: Phase boundary SDS-Ca®" at 50°C (Test1)

Phase boundary SDS-Ca”* at 50°C (Test1)

M Vol(mL) MwW wt(g)
STOCK SDS 1 25 288.38]_ 7.2095]
10xdil SDS 0.1
25xdil SDS 0.041096
100xdil SDS 0.01
STOCK CaCl2 1 250 110.98]  27.745]
10xdil CaCl2 0.1
100xdil CaCl2 0.01
1000xdil CaCl2 0.001 clear
10000xdil CaCl2 0.0001 precipitate
Total vol/ml 10
H F D B
20 20 20 20
- 100xdil -STK CaCl2
[Ca2+]st 1 1 |[sDS]/M 1 1
k/ml | 1.00e-04| 1.00e-03|inB&D [ 1.00E-02] 1.00€-01
[SDS]/M stk sds/ml Dil/ml
0 0.00] 9.00 0.00E+00
1.00E-04 0.10]  8.90 1.00E-04
2.50E-04 025 875 2.50E-04
5.00E-04| Q 050  8.50 4.11E-04
7.50E-04| 2 075 825 1.03E-03
1.00£-03| % 1.00[  8.00 2.05E-03
2.00E-03| 9 2.00 7.00 3.08E-03
3.00E-03 3.00] 6.00
4.00E-03 4.00] s5.00
5.00E-03 5.00]  4.00
6.00E-03 0.60  8.40
7.00E-03| 070  8.30
8.00-03| 2 0.80] 8.20
9.00E-03] 5 0.90[  8.10
1.00E-02| & 1.00]  8.00
2.50E-02 250  6.50
5.00E-02 5.00]  4.00 5.00E-02
7.506-02[ 075 825 7.50E-02
1.00£-01| 2 1.00]  8.00 1.00E-01
2.50E-01| 250 6.50 2.50E-01
5.00E-01 5.00]  4.00 5.00E-01
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A4: Phase boundary SDS-Ca®" at 50°C (Test2)

Phase boundary SDS-Ca”* at 50°C (Test2)
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ml

M

M Vol(mL) MW wt(g)
STOCK SDS 1 100 288.38
10xdil SDS 0.1
25xdil SDS 0.04109589
100xdil SDS 0.01
STOCK CaCl2 1 250 110.98
10xdil CaCl2 0.1
100xdil CaCl2 0.01
1000xdil CaCI2 0.001
10000xdil CaCl2 0.0001
Total vol/ml 10 H G F E D B
20 10 20 100 20 20
[Ca2+]st [1000xdil | 100xdil [20xdil— [sTock caci2
k/ml 1 0.5 1 5 1 1
[SDS]/M stksds/ml  |Dil/ml | 1.00E-04| 5.00E-04| 1.00E-03| 5.00E-03| 1.00E-02| 1.00E-01
0 0 0.00 9.00
1 1.00E-04 0.10 8.90
2 2.50E-04 0.25 8.75
3 5.00E-04| Q 0.50 8.50
4 7.50E-04| 2 0.75 8.25
5 1.00E-03 'g 1.00 8.00
6 2.00E-03| & 2.00 7.00
7 3.00E-03 3.00 6.00
8 4.00E-03 4.00 5.00
9 5.00E-03 5.00 4.00
16.60
10 6.00E-03 0.60 8.40
11 7.00E-03| 0.70 8.30
12 8.00E-03| Q 0.80 8.20
13 9.00E-03| 5 0.90 8.10
14 1.00E-02| & 1.00]  8.00
15 2.50E-02 2.50 6.50
16 5.00E-02 5.00 4.00
11.50
17 7.50E-02 0.75 8.25
18 1.00E-01 1.00 8.00
19 2.50E-01 2.50 6.50
20 5.00E-01 5.00 4.00
] 9.25



A5: Precipitate boundarySDS-Ca?* at 30°C Test 1&2

Precipitate boundary at 30C (Exp1&2)

EXP1, 30C EXP2,30C

Ca/M SDS/M Ca/M SDS/M
1.00E-04| 3.00E-03 1.00E-04| 3.00E-03
1.00E-04| 1.00E-02 1.00E-04| 1.00E-02
1.00E-03| 7.50E-04 5.00E-04| 2.00E-03
1.00E-03| 5.00E-02 5.00E-04| 1.00E-02
1.00E-02| 4.11E-04 1.00E-03| 2.00E-03
1.00E-02| 1.00E-01 1.00E-03| 2.50E-02
1.00E-01| 4.11E-04 5.00E-03] 7.50E-04
1.00E-01 5.00E-03]| 1.00E-01

1.00E-02| 5.00E-04

1.00E-02| 1.00E-01

1.00E-01| 5.00E-04

1.00E-01
1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00
- 1.00E-01
s < »—1.00E-02 -
¥ ¢ EXP1,30C
3
el * —& 1.00E-03 EXP2,30C
‘- > 1.00£-04
1.00E-05
SDS/M
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A6: Regression of Ca(DS); K, (1.55E-9M°) and Pca (0.22) at 30°C

Regression Ksp before and after CMC (30 C)

BEFORE CMC REGRESSION 30C
Ca/M logCa SDS/M logSDS logfCa logfDS Ca*DS2*fca*fDS2  |Ksp-Ca*DS2*fca*fDS2
1.00E-04| -4.00E+00| 3.00E-03] -2.52E+00 3.30E-03| -1.06E-01| -2.61E-02 6.25E-10 9.22E-10
1.00E-03| -3.00E+00| 7.50E-04| -3.12E+00 3.75E-03] -0.112278| -2.76E-02 3.83E-10 1.16E-09
1.00E-02| -2.00E+00| 4.11E-04| -3.39E+00 3.04E-02| -0.266526| -6.39E-02 6.81E-10 8.66E-10
1.00E-01| -1.00E+00| 4.11E-04| -3.39E+00 3.00E-01 -0.540564| -1.24E-01 2.74E-09 -1.20E-09
1.00E-04| -4.00E+00| 3.00E-03] -2.52E+00 3.30E-03] -0.106035( -2.61E-02 6.25E-10 9.22E-10
5.00E-04| -3.30E+00| 2.00E-03| -2.70E+00 3.50E-03| -0.10887| -2.68E-02 1.38E-09 1.71E-10
1.00E-03| -3.00E+00| 2.00E-03] -2.70E+00 5.00E-03| -0.127516| -3.12E-02 2.58E-09 -1.04E-09
5.00E-03| -2.30E+00| 7.50E-04( -3.12E+00 1.58E-02| -0.206668] -5.00E-02 1.39E-09 1.59E-10
1.00E-02| -2.00E+00| 5.00E-04| -3.30E+00 3.05E-02| -0.266816| -6.40E-02 1.01E-09 5.40E-10
1.00E-01| -1.00E+00| 5.00E-04| -3.30E+00 3.01E-01| -0.540603| -1.24E-01 4.06E-09 -2.51E-09
1.00E-01| -1.00E+00 Min Error 0.00E+00
Ksp 1.55E-09
Ref. 1 Stellner 1989 5.02E-10
w swamping NaCl
Ref. 2 Maneedaeng 2.13948E-10
|cmcsds | 6.00E-03]
AFTER CMC
Ca/M SDS/M SDSmic
1.00E-04| 1.00E-02( 4.00E-03
1.00E-03| 5.00E-02( 4.40E-02
1.00E-02| 1.00E-01| 9.40E-02
SLOPE 0.112869
BCa 0.225738
Ca/M SDS/M SDSmic
1.00E-04| 1.00E-02| 4.00E-03
5.00E-04| 1.00E-02| 4.00E-03
1.00E-03| 2.50E-02| 1.90E-02
1.00E-02| 1.00E-01| 9.40E-02
5.00E-03| 1.00E-01| 9.40E-02|outlier
SLOPE 0.10963
BCa 0.219259
Average BCa 0.222498
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A7: Modeling of Ca(DS); using Ksp (1.55E-9M°) and Pca (0.22) at 30°C

BEFORE CMC MODEL
Ca/M logCa SDS/M logSDS 1 logfCa logfDS Ca*fca*fDS|Ksp/DS2
6.02E-05| -4.22E+00| 6.50E-03| -2.19E+00 6.68E-03| -1.45E-01| -3.53E-02 3.18E-09 3.67E-05| 3.67E-05
9.71E-05| -4.01E+00| 5.00E-03| -2.30E+00 5.29E-03| -1.31E-01f -3.20E-02| 0.00E+00 6.20E-05| 6.20E-05
1.47E-04 -3.83E+00| 4.00E-03| -2.40E+00 4.44E-03| -1.21E-01| -2.97E-02| -8.40E-09 9.69E-05| 9.69E-05
2.53E-04| -3.60E+00| 3.00E-03| -2.52E+00 3.76E-03| -0.112412| -2.76E-02| 0.00E+00 1.72E-04| 1.72E-04
5.69E-04| -3.25E+00| 2.00E-03| -2.70E+00 3.71E-03] -0.111686| -2.74E-02| 0.00E+00 3.88E-04| 3.88E-04
5.69E-04| -3.25E+00| 2.00E-03| -2.70E+00 3.71E-03] -0.111686| -2.74E-02| 0.00E+00 3.88E-04| 3.88E-04
5.82E-03| -2.24E+00| 7.50E-04| -3.12E+00 1.82E-02| -0.218942| -5.29E-02| 4.34E-09 2.76E-03| 2.76E-03
1.95E-02 -1.71E+00| 5.00E-04| -3.30E+00 5.89E-02| -0.337078| -7.99E-02| 2.60E-08 6.20E-03| 6.20E-03
4.08E-02| -1.39E+00| 4.00E-04| -3.40E+00 1.23E-01| -0.425479] -9.96E-02| 0.00E+00 9.69E-03| 9.69E-03
4.24E-01| -3.72E-01| 2.00E-04| -3.70E+00 1.27E+00| -0.717614| -1.61E-01| 0.00E+00 3.88E-02| 3.88E-02
AFTER CMC Set Ksp:| 1.55E-09
CMCsds 6.00E-03
Ca/M SDS/M SDSmic
5.56E-05 6.50E-03| 5.00E-04
4.45E-04 1.00E-02| 4.00E-03
2.11E-03 2.50E-02| 1.90E-02
1.05E-02 1.00E-01| 9.40E-02
2.16E-02 2.00E-01| 1.94E-01
SLOPE 0.11125
Set BCa: 0.2225
1.00E+00
1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00
A 1.00E-01
Of ’.:41—99[—92—.
E \ model
+
f‘_\lB \ < EXP1,30C
O o \_ A o 1-00E-03
/ EXP2,30C
42 A 1.00E-04
1.00E-05
SDS/M
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A8: Precipitate boundarySDS-Ca?* at 50°C Test 1&2

Precipitate boundary at 50C (Exp1&2)

EXP1, 50C EXP2,50C
Ca/M SDS/M Ca/M
1.00E-04 1.00E-04
1.00E-04 1.00E-04
1.00E-03| 3.00E-03 5.00E-04| 5.00E-03
1.00E-03| 5.00E-02 5.00E-04| 8.00E-03
1.00E-02| 2.05E-03 1.00E-03| 2.00E-03
1.00£-02| 2.50E-02 1.00E-03| 1.00E-02
1.00E-01| 1.03E-03 5.00E-03| 7.50E-04
1.00E-01| 2.50€-01 5.00E-03| 5.00E-02
1.00E-02| 1.00E-03
1.00E-02| 1.00E-01
1.00E-01| 5.00E-04
1.00E-01
0.0001 0.001 0.01 o1
X— 1.00E-01 -
»%—u 5¢——1.00E-02-—
2 X
$ W EXP1, 50C
S o | X 1.00E-03 X EXP2,50C
KX
SDS/M T
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A9: Regression of Ca(DS); K, (8.58E-9M°) and Pca (0.20) at 50°C

Regression Ksp before and after CMC (50 C)

81

BEFORE CMC REGRESSION 50C
Ca/M logCa SDS/M logSDS logfCa logfDS Ca*DS2*fca*fDS2  [Ksp-Ca*DS2*fca*fDS2
1.00E-03| -3.00E+00| 3.00E-03| -2.52E+00 6.00E-03| -1.38E-01| -3.38E-02 5.61E-09 2.97E-09
1.00E-02| -2.00E+00| 2.05E-03| -2.69E+00 3.21E-02| -0.271761| -6.51E-02 1.67E-08 -8.08E-09
1.00E-01| -1.00E+00| 1.03E-03| -2.99E+00 3.01E-01| -0.540831]| -1.24E-01 1.72E-08 -8.64E-09
5.00E-04| -3.30E+00| 5.00E-03| -2.30E+00 6.50E-03| -0.142932| -3.49E-02 7.66E-09 9.18E-10
5.00E-04| -3.30E+00| 8.00E-03| -2.10E+00 9.50E-03| -0.167969]| -4.09E-02 1.80E-08 -9.43E-09
1.00E-03| -3.00E+00| 2.00E-03| -2.70E+00 5.00E-03| -0.127516| -3.12E-02 2.58E-09 5.99E-09
5.00E-03| -2.30E+00| 7.50E-04| -3.12E+00 1.58E-02| -0.206668| -5.00E-02 1.39E-09 7.19E-09
1.00E-02| -2.00E+00| 1.00E-03| -3.00E+00 3.10E-02| -0.268432| -6.43E-02 4.01E-09 4.57E-09
1.00E-01| -1.00E+00| 5.00E-04| -3.30E+00 3.01E-01| -0.540603| -1.24E-01 4.06E-09 4.52E-09
Min Error 0.00E+00
Ksp 8.58E-09
Ref. 1 Stellner 1989 5.02E-10
w swamping NaCl, 30C
Ref. 2 Maneedaeng 2.16522E-09
[cMCsds | 6.00E-03
AFTER CMC
Ca/M SDS/M SDSmic
1.00E-03| 5.00E-02( 4.40E-02
1.00E-02| 2.50E-02| 1.90E-02
1.00E-01| 2.50E-01{ 2.44E-01
SLOPE 0.436438
BCa 0.872877 Bad regression
Ca/M SDS/M SDSmic
5.00E-04| 8.00E-03| 2.00E-03
1.00E-03| 1.00E-02] 4.00E-03
5.00E-03| 5.00E-02| 4.40E-02
1.00E-02| 1.00E-01| 9.40E-02
SLOPE 0.101819
BCa 0.203638




A10: Modeling of Ca(DS); K (8.58E-9M°) and Pca (0.20) at 50°C

BEFORE CMC MODEL
Ca/M logCa SDS/M logSDS logfCa logfDS Ca*fca*fDS|Ksp/DS2
2.33E-04| -3.63E+00| 8.00E-03| -2.10E+00 8.70E-03( -1.62E-01| -3.94E-02| 2.69E-07 1.34E-04| 1.34E-04
5.64E-04| -3.25E+00| 5.00E-03| -2.30E+00 6.69E-03| -1.45E-01| -3.54E-02| 8.67E-07 3.43E-04| 3.43E-04
8.79E-04| -3.06E+00| 4.00E-03| -2.40E+00 6.64E-03| -1.44E-01| -3.52E-02| 7.36E-07 5.36E-04| 5.36E-04
1.62E-03] -2.79E+00| 3.00E-03| -2.52E+00 7.87E-03| -0.155096| -3.78E-02| 2.71E-08 9.53E-04( 9.53E-04
4.27E-03| -2.37E+00| 2.00E-03| -2.70E+00 1.48E-02] -0.201679| -4.88E-02| 7.37E-08 2.15E-03| 2.15E-03
4.27E-03| -2.37E+00| 2.00E-03| -2.70E+00 1.48E-02] -0.201679| -4.88E-02| 7.37E-08 2.15E-03| 2.15E-03
8.97E-02| -1.05E+00| 7.50E-04| -3.12E+00 2.70E-01| -0.526652| -1.21E-01| 4.34E-07 1.53E-02| 1.53E-02
3.51E-01 -4.55E-01| 5.00E-04( -3.30E+00 1.05E+00| -0.696067| -1.57E-01| 4.86E-07 3.43E-02| 3.43E-02
6.94E-01| -1.59E-01| 4.00E-04| -3.40E+00 2.08E+00| -0.769568( -1.71E-01| 7.63E-07 5.36E-02| 5.36E-02
4.38E+00 6.41E-01| 2.00E-04( -3.70E+00 1.31E+01| -0.911904| -1.99E-01| 2.78E-07 2.15E-01| 2.15E-01
AFTER CMC Set Ksp: 8.58E-09
CMCsds 6.00E-03
Ca/M SDS/M SDSmic
2.04E-04 8.00E-03| 2.00E-03
4.07E-04 1.00E-02| 4.00E-03
1.93E-03 2.50E-02| 1.90E-02
9.57E-03 1.00E-01| 9.40E-02
1.97E-02 2.00E-01| 1.94E-01
5.03E-02 5.00E-01| 4.94E-01
SLOPE 0.1018
Set BCa: 0.2036
\ 1.00E+00
1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00
o) O1.00E-01
E / model
+ o o S TO0E-02
3 ~ O EXP1,50C
EXP2,50C

SDS/M
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Appendix B
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B1: Adsorption Isotherm SDS on coarse CaCO3;

Adsorption Isotherm SDS on CaCO3 (Experiment1):

CPB titrant = 1016 pM
[SDS] SDS analyte (jnitial  [final [cPB] =
Stock |Dilution |added [C CaCO3 [SuPernatant lreading [reading |total mL ((spsjpuik |[SDS]ad |[SDS]ad
Run |mL |(DI) M) |wig |mY (mL) (mL) CPB (uM) (M)  |(umols/g)
11 10 10( 25000 4.0312 0.5 28.2 39.2 10.95| 22250.4] 2749.6 13.642
10 8 12| 20000 4.071 0.5 39.7 48.4 8.65| 17576.8| 2423.2 11.905
9 6 14 15000 4.0833 0.5 22.3 28.2 5.85| 11887.2] 3112.8 15.246
8 5 15( 12500 4.0203 1 30.4 39.7 9.25 9398 3102 15.432
7 4 16( 10000| 4.0812 1 23.8 304 6.55 6654.8| 3345.2 16.393
6 3 17 7500 4.0065 1 17.7 22.3 4.55 4622.8] 2877.2 14.363
5 2.5 17.5 6250 4.005 1 19.6 23.8 4.15 4216.4] 2033.6 10.155
4 2 18 5000 4.1081 1.5 12.5 17.7 5.15| 3488.267| 1511.73 7.360
3 1.5 18.5 3750 4.0243 1.5 15.6 19.6 3.95| 2675.467| 1074.53 5.340
2 1 19 2500 4.0244 2 8.6 125 3.85 1955.8 544.2 2.705
1 0.5 19.5 1250 4.1299 4 10.7 15.6 4.85 1231.9 18.1 0.088
0 0 20 0 4 1 0 0.05 0.05 0 0 0
Adsorption Isotherm SDS on CaCO3 (Experiment2):
CPB titrant = 1016 uM
[SDS] SDS analyte |initial final [cPB] =
Stock |Dilution |added [CaCO3 [SuPernatant |reading |reading [total mL |ispsjpuk |[SDSlad |[SDS]ad
Run|mL |(D1) M) |wtg) [(MY (mL) (mL) |cpB (M) (uM)  |(rmols/g)
11 10 10( 25000| 4.1462 0.5 12.4 23.3 10.85| 22047.2 2952.8 14.243
10 8 12( 20000| 4.024 0.5 39.2 47.5 8.25 16764 3236 16.083
9 6 14| 15000 4.1816 0.5 23.3 29.1 5.75 11684 3316 15.860
8 5 15( 12500] 4.0241 1 29.1 37.9 8.75 8890 3610 17.942
7 4 16| 10000| 4.0633 1 9.6 16.3 6.65 6756.4| 3243.6 15.965
6 3 17 7500] 4.1194 1 379 42.7 4.75 4826 2674 12.982
5 2.5 17.5 6250] 4.0315 1 16.3 20.4 4.05 4114.8( 2135.2 10.593
4 2 18 5000( 4.0274 1 204 23.8 3.35 3403.6| 1596.4 7.928
3 1.5 18.5 3750] 4.0122 1.5 23.8 27.8 3.95| 2675.467| 1074.53 5.356
2 1 19 2500( 4.0128 2 42.7 46.7 3.95 2006.6 493.4 2.459
1 0.5 19.5 1250| 4.1273 4 27.8 32.6 4.75 1206.5 43.5 0.211
0 0 20 0 4 1 0 0.05 0.05 0 0 0
20.000
18.000 &
16.000 g O <
g 14.000 g &
S 12.000 =
2 10000 i
B 5000 & ocl
§ 6.000 A <C2
= : g
4.000
2000 @
0.000 &
0 5000 10000 15000 20000 25000
[SDS] bulk (M)
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B2: Adsorption Isotherm SDS on fine CaCO3

Adsorption Isotherm SDS on CaCO3 (Exp1)

CPB titrant = 1016 uM
[SDS] SDS analyte |jnitial  [final [CPB] =
Stock [Dilution |added |FCaCO3 |supPeérnatant |reading |reading |total mL |(spsjpuik |[SDSlad |[SDS]ad
Run |mL (D) M) |wig) (MY (ml) |my) |cpB (uM) (uM)  |(nmols/g)
11 25 25| 25000 1.0502 0.5 11.8 22 10.1] 20523.2| 4476.8 85.256
10 20 30| 20000 1.0049 0.5 22 29.7 7.6 15443.2( 4556.8 90.692
9 18 32| 18000] 1.0366 0.5 29.7 36.6 6.8] 13817.6| 4182.4 80.695
8 16 34| 16000 1.019 0.5 36.6 42.7 6 12192 3808 74.740
7 14 36| 14000 1.0196 0.5 42.7 48 5.2] 10566.4 3433.6 67.352
6 12 38| 12000 1.0503 0.5 7.1 11.2 4 8128 3872 73.731
5 10 40| 10000|f 1.0321 1 11.2 17.7 6.4 6502.4| 3497.6 67.776
4 8 42 8000 1.0235 1 25.8 30.85 4.95 5029.2| 2970.8 58.052
3 6 44 6000 1.0479 1 21.9 25.8 3.8 3860.8| 2139.2 40.828
2 4 46 4000 1.0079 1.4 30.9 35.3 4.3] 3120.571| 879.429 17.451
1 2 48 2000 1.0197 2 12.3 16 3.6 1828.8 171.2 3.358
0 0 20 0 1 1 0 0.1 0.1 0 0 0
Adsorption Isotherm SDS on CaCO3 (Exp2)
CPB titrant = 1016 pM
[SDS] |F SDS analyte [initial |final [CPB] =
Stock |Dilution |added |CaCO3 [suPernatant |reading |reading |total mL |(spsjbulk [[SDSlad |[SDSlad
Run |mL |(D1) (M) |wi(g) |mY (my) |(mL) |cpB (M) (uM)  [(umols/g)
11 25 25| 25000 1 0.5 11.6 21.1 9.4 19100.8| 5899.2 117.984
10 20 30| 20000 1 0.5 31.5 39.7 8.1 16459.2| 3540.8 70.816
9 18 32| 18000 1 0.5 21.1 28 6.8 13817.6| 4182.4 83.648
8 16 34] 16000 1 0.5 28.1 34 5.8 11785.6| 4214.4 84.288
7 14 36| 14000 1 0.5 39.8 44 .85 4.95| 10058.4| 3941.6 78.832
6 12 38| 12000 1 0.5 1.8 5.75 3.85 7823.2| 4176.8 83.536
5 10 40| 10000 1 1 29.8 36.15 6.25 6350 3650 73.000
4 8 42 8000 1 1 20.4 25.5 5 5080 2920 58.400
3 6 44 6000 1 1 12.1 16 3.8 3860.8| 2139.2 42.784
2 4 46 4000 1 1.4 34 38 3.9| 2830.29| 1169.71 23.394
1 2 48 2000 1 2 26.5 29.8 3.2 1625.6 374.4 7.488
0 0 20 0 1 1 0 0.1 0.1 0 0 0
1000

o <

z 1 go8 aE8h, -0

E =]

2 | OF1

é 10 o OF2

|
1
0 5000 10000 15000 20000 25000
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B3: Adsorption Isotherm SDS on extra fine CaCOg

Adsorption Isotherm SDS on CaCO3 (Exp6)

CTAC titrant = 0.00864 M
[sDS] SbSanalvte linitial |final (CTAC] -

Stock |Dilution |added |[CaCO3 (::_) reading |reading [total mL |[spsjbuik |[SDS]lad |[SDS]ad
Run |[mL (DI) (micM) |wt(g) (mL) (mL) CTAC (micMm) (micM) |(micmols/g)
11 25 25| 23500] 1.0603 2 31.75 37.05 5.3 22896 604| 12.53230218
10 20 30| 18800| 1.1277 10 9.9 31.75 21.85| 18878.4 -78.4| -1.52948479
9 18 32| 16920| 1.0148 1 37.1 39 1.9 16416 504| 10.92629089
8 16 34| 15040] 1.0677 10 11.5 28 16.5 14256 784| 16.15435047
7 14 36 13160| 1.1916 10 22.3 36.2 13.9 12009.6 1150.4| 21.23934206
6 12 38| 11280| 1.0789 10 10.7 22.2 11.5 9936 1344| 27.40569098
5 10 40 9400| 1.0569 10 31.1 40 8.9 7689.6| 1710.4| 35.60298988
4 8 42 7520] 1.126 10 24.3 31.05 6.75 5832 1688| 32.98046181
3 6 44 5640| 1.0542 10 19 24.25 5.25 4536 1104| 23.03927149
2 4 46 3760| 1.086 10 13.4 17 3.6 3110.4 649.6| 13.15948435
1 2 48 1880| 1.0385 10 10.7 12.75 2.05 1771.2 108.8| 2.304862783
0 0 50 0| 1.0324 10 0 0 0 0 0 0
Adsorption Isotherm SDS on CaCO3 (Exp7)

CTAC titrant = 0.005132 M
[SDS] SDS analyte |jnitial |final [CTAC] =

Stock [Dilution [added |CaCO3 [suPernatant |reading |reading |total mL |spsjpuik |[SDSlad |[SDSlad
Run |mL |(DI) (micM) |wt(g) (mL) (mL) (mL) CTAC (micMm) (micM) [(micmols/g)
11 25 25 23500 1.0711 2 31.85 40.75 8.85 22709.1 790.9| 16.24479507
10 20 30 18800 1.068 2 24.6 31.8 7.15 18346.9 453.1| 9.333520599
9 18 32 16920| 1.0197 2 18.3 24.65 6.3 16165.8 754.21 16.27184466
8 16 34 15040| 1.0758 2 37.9 43.4 5.45 13984.7| 1055.3] 21.5807771
7a 14 36 13160| 1.0081 2 40.8 455 4.65 11931.9( 1228.1 26.801111
7 14 36 13160/ 1.0081 2 33.35 37.85 4.45 11418.7| 1741.3]| 38.00079357
6a 12 38 11280| 1.0251 2 34 38.05 4 10264 1016| 21.80470198
6 12 38 11280| 1.0251 2 29.5 33.35 3.8 9750.8( 1529.2| 32.81865184
5 10 40 9400| 1.0637 2 26.4 29.25 2.8 7184.8( 2215.2| 45.81592554
4 8 42 7520| 1.0124 5 20.75 26.4 5.6 5747.84| 1772.16| 38.50999605
3 6 44 5640| 1.0639 5 39.45 43.75 4.25 4362.2 1277.8] 26.42316007
2 4 46 3760| 1.0135 10 33.5 39.45 5.9 3027.88| 732.12| 15.89209669
1 2 48 1880| 1.0034 10 30.1 334 3.25 1667.9 212.1| 4.650388678
0 0 50 0 1.0324 10 10 10.05 0.05 25.66 -25.66| -0.54680356

100
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B4: Adsolubilization data Styrene with SDS on coarse CaCO3

Adsolubilization Coarse CaCO3 Expt2:

SDS 5.7E-19 m2/molecule 57 A2/molecule Solution 36 mL MW |
cMC 0.0081 mol/L 8.1 mM Solid wt 4 SDS 288.38|g/mol
Stock SDS 102279 uM [SDS]ad/g 13 umols/g styrene 104.15|g/mol
[SDS] 6444.44 M [SDS]ad 1444.444 uM AIBN 164.2[g/mol
Sat'd Styr- [SDS]eq 5000 pM
h20 0.003 mol/L
A= 281 nm
initial

[SDS]=  6534.49 reading final reading in 36 mL soln

3000uM SDS stk C ([ If - blank) i - [If

sat'd soln Dilution [Styr] added|CaCO3 |frm cal. [Styr]bulk [Styr]ad |[Styr]ad K=
Run styr (mL)[(mL) (mL) (M) wt(g) [Data Ai dil. Af (micM) (micM)  |(micmols/g) Xadm Xaq Xadm/Xaq
9 33.7 23 0| 2808.3333| 4.0438 2,022 0.2307692 0.288| 1727.7778| 1080.5556| 9.6196647 4.28E-01 9.69E-01| 4.42E-01
8 30 23 3.7 2500| 4.0608 1.8] 0.2307692 0.276| 1655.5556| 844.44444| 7.4862096 3.69E-01 9.68E-01| 3.81E-01
7 28 2.3 5.7] 2333.3333| 4.0616 1.68| 0.2307692 0.253] 1517.1296| 816.2037| 7.2344232 3.61E-01 9.65E-01)| 3.74E-01
6 25 23 8.7| 2083.3333| 4.0458 1.5 0.2307692 0.238| 1426.8519| 656.48148| 5.8414487 3.12E-01 9.63E-01| 3.25E-01
5 22 23 11.7| 1833.3333| 4.0447 1.32{ 0.2307692 0.201| 1204.1667| 629.16667| 5.5999209 3.03E-01 9.56E-01| 3.17E-01
4 20 2.3 13.7| 1666.6667| 4.0468 1.2 0.5 0.332] 916.66667 750| 6.6719383 3.42E-01 9.43E-01) 3.62E-01
3 15 23 18.7 1250( 4.0588 0.9 0.5 0.266| 733.33333| 516.66667| 4.5826353 2.63E-01 9.30E-01| 2.83E-01
2 10 23 23.7| 833.33333| 4.0385 0.6 1 0.482| 663.88889| 169.44444| 1.5104618 1.05E-01 9.23E-01| 1.14E-01
1 5 23 28.7| 416.66667| 4.0111 03 1 0.24| 327.77778| 88.888889| 0.7977861 5.80E-02 8.55E-01| 6.78E-02
0 0 23 33.7 0| 4.0313 0 1 0.004| 5.5555556| -5.555556 0 -3.86E-03 9.10E-02| -4.24E-02
sum 188.7 23 148.3
[SDSladd = 6534.49 pm
[SDSleq=  5090.05 puM
calibration curve: [] in uM
A= 0.00072 *[]
Adsolubilization Coarse CaCO3 Expt3:
SDS 5.7E-19 m2/molecule 57 A2/molecule Solution 36 mL Mw
cMC 0.0081 mol/L 8.1 mM Solid wt 4g SDS 288.38|g/mol
Stock SDS 105307 pM [SDS]ad/g  13.5 pumols/g styrene 104.15|g/mol
[SDS] 6500 uM [SDS]ad 1500 uM AIBN 164.2 [g/mol
Sat'd Styr- [SDS]eq 5000 uM
h20 0.003 mol/L

A= 281 nm
initial

[SDS] = 6727.9 reading final reading in 36 mL soln

3000puM |SDS stk [Styr] C ([ If - blank) |[Ji - [If

sat'd styr [soln Dilution [added CaCo3 |frm cal. [Styr]bulk |[Styr]ad [Styr]ad K=
Run (mL) (mL) (mL) (1M) wt(g) |Data Ai dil. Af |(micM) (micM) (micmols/g) Xadm Xaq Xadm/Xaq
9 33.7 2.3 0[ 2808.333| 4.044 2.022| 0.23077| 0.288| 1.73E+03| 1080.5556| 9.6196647 4.19E-01[9.69E-01| 4.32E-01
8 30 2.3 3.7 2500 4.061 1.8] 0.23077| 0.242 1.45E+03| 1049.0741| 9.3003021 4.12E-01{9.63E-01| 4.27E-01
7 28 23 5.7| 2333.333| 4.062 1.68[ 0.23077| 0.225| 1.35E+03| 984.72222| 8.7280875 3.96E-01|9.60E-01| 4.13E-01
6 25 23 8.7| 2083.333| 4.046 15| 0.23077| 0.211| 1.26E+03| 818.98148| 7.2873927 3.53E-01|9.58E-01| 3.69E-01
5 22 2.3 11.7{ 1833.333| 4.045 1.32| 0.23077| 0.203| 1.22E+03| 617.12963| 5.4927848 2.91E-01|9.56E-01| 3.05E-01
4 20 2.3 13.7| 1666.667| 4.047 1.2 0.5 0.319 8.81E+02| 786.11111| 6.9931798 3.44E-01|9.41E-01| 3.66E-01
3 15 23 18.7 1250| 4.059 0.9 0.5 0.198| 5.44E+02| 705.55556| 6.2580073 3.20E-01|9.07E-01| 3.53E-01
2 10 23 23.7| 833.3333| 4.039 0.6 1| 0.469| 645.83333 187.5 1.6714127 1.11E-01|9.21E-01| 1.21E-01
1 5 2.3 28.7| 416.6667| 4.011 0.3 1| 0.284| 388.88889( 27.777778| 0.2493082 1.82E-02| 8.75E-01| 2.08E-02
0 0 2.3 33.7 0 4.031 0 1| 0.004| 5.5555556| -5.555556 0 -3.72E-03|9.10E-02| -4.09E-02
SUM 188.7 23 1483
[SDS]add = 6727.95 uM
[SDSleq=  5227.95 puM

calibration curve: [] in pM

A=

0.00072 *[]
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B5: Adsolubilization isotherm and admicellar partition styrene with SDS on coarse CaCO3;
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B6: Adsolubilization data Styrene with SDS on Fine CaCO3

Adsolubilization Fine CaCO3 Expt2:

SDS 5.7E-19 m2/molecule 57 A2/molecule Solution 38 mL MW
cMC 0.0081 mol/L 8.1 mM Solid wt 2g SDS 288.38[g/mol
Stock SDS 50370 uM [SDS]ad/g 65 pumols/g styrene 104.15[g/mol
[SDS] 9421.05 uM 135mLstock in 1010mL [SDS]ad 3421.053 pM AIBN 164.2|g/mol
Sat'd Styr- [SDS]eq 6000 pM
h20 0.003 mol/L
A= 281 nm
initial
[SDS]=  9278.68 reading final reading in 38 mL soln
3000uM |SDS stk F ([ If - blank) - [f
sat'd soln Dilution [Styr] added|CaCO3 (frm cal. [Styr]bulk | [Styrlad [[Styr]ad K=
Run styr (mL)|(mL) (mL) (uM) wt(g) [Data Ai dil. Af (micM) (micM)  [(micmols/g) Xadm Xaq Xadm/Xaq
10 31 7 0 2447.3684 2| 1.9089474] 0.2307692 0.344| 1905.3971| 541.97131| 10.297455 0.136757| 9.72E-01| 1.41E-01
9 23 7 8| 1815.7895 2| 1.4163158) 0.2307692 0.202| 1116.5082| 699.28125| 13.286344 0.169715| 9.53E-01) 1.78E-01
8 13 7 18| 1026.3158 2| 0.8005263 0.5 0.215| 545.56805| 480.74774| 9.134207 0.123212| 9.08E-01] 1.36E-01
7 6 7 25| 473.68421 2| 0.3694737 1 0.291| 367.36292| 106.32129| 2.0201045 0.030142| 8.69E-01| 3.47E-02
6 4 7 27| 315.78947 2| 0.2463158 1 0.216| 271.20908| 44.580397| 0.8470275 0.012864| 8.30E-01| 1.55E-02
5 2 7 29| 157.89474 2| 0.1231579 1 0.109| 134.02959| 23.865147| 0.4534378 0.006928| 7.07E-01| 9.80E-03
4 0 7 31 0 2 0 1 0 0 0 0 0] 0.00E+00] #DIV/0!
SUM 79 138
[SDS]add = 9278.68 UM
[SDSleq =  5857.63 uM
calibration curve: [J in uM
A= 0.00078 *[]
Adsolubilization Fine CaCO3 Expt4: Date:
SDS 5.7E-19 m2/molecule 57 A2/molecule Solution 39 mL MW
cMmC 0.0081 mol/L 8.1 mM Solid wt lg SDS 288.38|g/mol
Stock SDS 100000 pM [SDS]ad/g 65 umols/g styrene 104.15|g/mol
[SDS] 7666.6667 uM 135mLstock in 1010mL [SDS]ad 1666.667 uM AIBN 164.2|g/mol
sat'd [SDSleq 6000 UM
Styr-h20 0.003 mol/L
A= 281 nm
initial
[SDS] = 7894.74 reading final reading
3000uM  [SDS stk F ([If-blank) [ [Ji-[If |[Styr]ad
sat'd styr  [soln Dilution [Styr] added|CaCO3 |frm cal. [Styr]bulk [Styrlad |(micmols/g K=
Run (mL) (mL) (mL) (M) wt(g) |Data Ai dil. Af (micM) (micM) _|) Xadm Xaq Xadm/Xaq
7 36.5 3 0 2772.1519 1| 1.8018987) 0.2307692 0.316/ 2.10E+03| 670.10062| 26.46897 0.286764| 9.74E-01| 2.94E-01
6 30 3 6] 2307.6923 1 1.5] 0.2307692 0.278 1.85E+03| 458.97436 17.9 0.215923| 9.71E-01| 2.22E-01
5 25 3 11| 1923.0769 1 1.25( 0.2307692 0.207| 1.38E+03| 547.69231 21.36 0.247337| 9.61E-01| 2.57E-01
4 20 3 16| 1538.4615 1 1 0.5 0.338 1.04E+03| 503.07692 19.62 0.23186| 9.49E-01| 2.44E-01
3 15 3 21| 1153.8462 1 0.75 0.5 0.259( 7.92E+02| 361.53846 14.1 0.178255| 9.35E-01| 1.91E-01
2 10 3 26| 769.23077 1 0.5 1 0.459| 701.53846| 67.692308 2.64 0.03903| 9.27E-01| 4.21E-02
1 5 3 31| 384.61538 1 0.25 1 0.24| 364.61538 20 0.78 0.011858| 8.68E-01| 1.37E-02
0 0 3 36 0 1 0 1 0.003| 4.6153846| -4.615385 0 -0.00278| 7.68E-02| -3.62E-02
SUM 1415 24 147

[SDS]add 7894.7368 uM
[SDSleq = 6228.0702 puM
calibration curve: [J in uM
A= 0.00065 *[]
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B7: Adsolubilization isotherm and admicellar partition styrene with SDS on Fine CaCO3
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B8: Adsolubilization data Styrene with SDS on Extra fine CaCOg3

Adsolubilization EXtrafine CaCO3 Expt2:

SDS 5.7E-19 m2/molecule 57 A2/molecule Solution 39 mL MW
cMC 0.0081 mol/L 8.1 mM Solid wt lg SDS 288.38g/mol
Stock SDS 50900 uM [SDS]ad/g 35 pmols/g styrene 104.15|g/mol
[SDS] 6397.44 yM [SDS]ad 897.4359 uM AIBN 164.2|g/mol
Sat'd Styr- [SDS]leq 5500 uM
h20 0.003 mol/L
A= 281 nm
initial

[SDS] =  6525.64 reading final reading in 39 mL soln

3000pM (SDS stk [Styr] XF ([1f-blank) [ [Ji-[If [[Styr]ad

sat'd soln Dilution added CaCo3 |[frm cal. [Styr]bulk [Styr]lad [(micmols/g K=
Run styr (mL)|(mL) (mL) (M) wt(g) Data Ai dil. Af (micM) (micM) |) Xadm Xaq Xadm/Xaq
7 34 5 0| 2615.38 1 1.6476923] 0.2307692 0.273] 1873.0159| 742.36874| 28.95238 0.452718| 9.71E-01| 4.66E-01
6 30 5 4] 2307.69 1| 1.4538462| 0.2307692 0.232] 1591.0053| 716.68702| 27.95079 0.44401| 9.66E-01| 4.59E-01
5 25 5 9] 1923.08 1 1.2115385] 0.2307692 0.2 1370.8995| 552.17745( 21.53492 0.380914| 9.61E-01| 3.96E-01
4 20 5 14| 1538.46 1 0.9692308 0.5 0.319] 1007.9365| 530.52503| 20.69048 0.371526| 9.48E-01| 3.92E-01
3 15 5 19| 1153.85 1[ 0.7269231 0.5 0.223]| 703.1746| 450.67155| 17.57619 0.334299| 9.27E-01| 3.61E-01
2 10 5 24| 769.231 1 0.4846154 1 0.448| 706.34921| 62.881563| 2.452381 0.06548| 9.27E-01| 7.06E-02
1 5 5 29| 384.615 1 0.2423077 1 0.226] 353.96825| 30.647131| 1.195238 0.033022| 8.64E-01| 3.82E-02
0 0 5 34 0 1 0 1 0.003] 4.7619048| -4.761905 0 -0.00533( 7.90E-02| -6.75E-02
SUM 139 40 133
[SDS]add = 6525.64 uM
[SDSleq = 5628.21 puM
calibration curve: []in uM
A= 0.00063 *[]
Adsolubilization EXtrafine CaCO3 Expt3:
SDS 5.7E-19 m2/molecule 57 A2/molecule Solution 39 mL MW
cMC 0.0081 mol/L 8.1 mM Solid wt lg SDS 288.38|g/mol
Stock SDS 100000 puM [sDS]ad/g 35 umols/g styrene 104.15|g/mol
[SDS] 6397.44 uyM [SDS]ad 897.4359 pM AIBN 164.2|g/mol
Sat'd Styr- [SDS]eq 5500 uM
h20 0.003 mol/L

A= 281 nm
initial

[SDS] = 6410.26 reading final reading in 39 mL soln

3000uM |SDS stk [Styr] XF ([1f-blank) [ [Ji- [If

sat'd styr |soln Dilution added CaCo3 |frm cal. [Styr]bulk [Styrlad |[Styr]ad K=
Run (mL) (mL) (mL) (uM) wt(g) |Data Ai dil. Af (micM) (micM) _|(micmols/g) Xadm Xaq Xadm/Xaq
7 36.5 2.5 0] 2807.692 1] 1.8811538| 0.23077 0.327 2.11E+03| 697.24455( 27.192537 0.437232| 9.74E-01| 4.49E-01
6 30 2.5 6.5 2307.692 1| 1.5461538| 0.23077 0.223 1.44E+03) 869.88136| 33.925373 0.492204| 9.63E-01f 5.11E-01
5 25 2.5 11.5| 1923.077 1| 1.2884615]| 0.28571 0.244 1.27E+03| 652.92767| 25.464179 0.421145| 9.58E-01| 4.40E-01
4 20 2.5 16.5| 1538.462 1| 1.0307692 0.5 0.311 9.24E+02( 614.58094( 23.968657 0.406464| 9.43E-01| 4.31E-01
3 15 2.5 21.5| 1153.846 1| 0.7730769 0.5 0.236| 7.00E+02| 453.84615 17.7 0.335863| 9.27E-01| 3.62E-01
2 10 2.5 26.5| 769.2308 1| 0.5153846 1 0.42| 622.38806| 146.84271| 5.7268657 0.140616| 9.18E-01| 1.53E-01
1 5 2.5 31.5( 384.6154 1] 0.2576923 1 0.269| 397.01493| -12.39954| -0.4835821 -0.01401| 8.77E-01| -1.60E-02
0 0 2.5 36.5 0 1 0 1 0.003]| 4.4776119| -4.477612 0 -0.00501| 7.47E-02| -6.72E-02
SUM 1415 20 150.5

[SDSladd = 6410.26 pm
[SDSleq=  5512.82 uM
calibration curve: [J in uM
A= 0.00067 *[]
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B9: Adsolubilization isotherm and admicellar partition styrene with SDS on Extra fine
CaCOg;
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B10: Admicellar Polymerization of CaCOs

Date:070710 Date:072610 Date: 110910(HH)
XF-S6000(1:10) XF-S6000 (1:1) F-S6000 (1:10) C F XF
Solution 212.40[mL 21.05[mL 200.80|mL 20.02{mL 20.04|mL 19.96|mL
Solid wt 212.00|g 21.30g 204.40|g 20.00(g 20.01|g 20.00(g
[SDSleq 5977.40|uM 5848.46|uM 6963.94| UM 4992.99|uM 5946.83|uM 5505.41|uM
n[SDS]eq 1269.60[umol 123.11[umol 1398.36[umol 99.96(umol 119.17[umol 109.89[umol
[SDS]ad/g 38.50[pumols/g 38.50|umols/g 70.00{pmols/g 13.00{pmols/g| 65.00|umols/g 35.00|umols/g
n[SDS]ad 8162.00|umol 820.05|pumol 14308.00{umol 260.04|umol 1300.83|umol 700.11|pmol
[SDS] 44404.90(uM 44805.70|puM 78218.92|uM 17982.02{uM 70858.28|uM 40581.16|puM
n[SDS]total 9431.60|umol 943.16|umol 15706.36|mol 360.00|mol 1420.00(umol 810.00|umol
Stk SDS 170.00|mL 17.00|mL 4.53|g 3.60|mL 14.20|mL 8.10{mL
[styrene] 16454.61|uM 24904.70|uM 34810.35|uM 8728.67|uM 17439.92|uM 26264.72|uM
n[styrene] 3494.96|umol 524.24|umol 6989.92|umol 174.75(umol 349.50|umol 524.24|umol
wt styr 0.36(g 0.05|g 0.73|g 0.02|g 0.04|g 0.05|g
mL styr 0.40{mL 0.06|mL 0.80|mL 0.02|mL 0.04|mL 0.06|mL
Initiator(AIBN/VA 365.41|umol 548.11|umol 669.91|pumol 20.71|pmol 38.37|umol 56.03|pumol
1720.38(uM 26038.58|uM 3336.23|uM 1034.29|uM 1914.56(uM 2807.08|uM
0.06|g 0.09(g 0.11|g 0.0034|g 0.0063|g 0.0092|g
Dilution 42.00|mL 3.90[mL 200.00{mL 16.40|mL 5.80[mL 11.80|mL
surf,ad : styrene 2.34 1.56 2.05 1.49 3.72 1.34
INI:Styr 0.10 1.05 0.10 0.12 0.11 0.11
Date:070710 Date:072610 Date: 110910(HH)
HH'(1:10) or (1:1): 2 or 1.5sds per styr HH
wt loss
%wt loss
Date: 031711(HHrt) Date: 042111(MH)
C Ccontrol F XF C F XF
Solution 20.02|mL 20.00{mL 20.04{mL 19.96/mL 19.84|mL 19.96/mL 19.76{mL
Solid wt 20.03|g 20.02|g 20.06(g 19.88(g 20.07|g 20.01|g 20.01)g
[SDS]eq 4977.86/uM 4985.70|uM 5798.93|uM 5718.99|uM 3508.60|uM 2497.49|uM 2012.96/uM
n[SDS]eq 99.66|umol 99.71|umol 116.21|umol 114.15/pmol 69.61pumol 49.85|umol 39.78|umol
[SDS]ad/g 13.00{umols/g 13.00{umols/g 65.00|umols/g 35.00|umols/g 5.50(umols/g 20.00|umols/g 16.00|umols/g
n[SDS]ad 260.34{pmol 260.29{pmol 1303.79|umol 695.85[umol 110.39|pmol 400.15{pmol 320.22{pmol
[SDS] 17982.02|uM 18000.00{uM 70858.28|uM 40581.16|uM 9072.58|uM 22545.09|uM 18218.62[um
n[SDS]total 360.00(pumol 360.00(pumol 1420.00|umol 810.00(pmol 180.00|pmol 450.00(pmol 360.00(pumol
Stk SDS 3.60[mL 3.60[mL 14.20{mL 8.10[mL 2.00{mL 5.00{mL 4.00|mL
[styrene] 8728.67|puM 0.00|uM 17439.92|uM 26264.72|uM 17615.72|uM 26264.72|uM 26530.56(uM
n[styrene] 174.75|umol 0.00{pumol 349.50|umol 524.24|umol 349.50|umol 524.24{umol 524.24|umol
wt styr 0.02|g 0.00|g 0.04|g 0.05|g 0.04|g 0.05|g 0.05|g
mL styr 0.02|mL 0.00{mL 0.04|mL 0.06|mL 0.04[mL 0.06|mL 0.06|mL
Initiator(AIBN/VA 11.44|umol 0.00|umol 21.65|umol 29.38(umol 36.60|mol 48.80|umol 48.80|umol
571.60(puM 0.00{uM 1080.32|uM l472.03||.1M 1844.72|uM 2444.84|uM 2469.59|uM
0.0037|g 0.0000|g 0.0070(g 0.0095|_g 0.3000{mL 0.4000{mL 0.4000{mL
Dilution 16.40|mL 16.40|mL 5.80[mL 11.80|mL 17.50|mL 14.50|mL 15.30{mL
surf,ad : styrene 1.49 #DIV/0! 3.73 1.33 0.32] 0.76 0.61
INI:Styr 0.07 #DIV/0! 0.06 0.06 0.10 0.09| 0.09
I Date: 031711(HHrt) [ Date: 042111(MH)
”HH, Rt VA044 |MH, ads adsol 3 hrs, AIBN stk in etOH ads3hrs, poly 3hrs
wt loss 19.22 19.25 19.21 19.04 18.43 17.90 18.15
%wt loss 4.03% 3.86% 4.23% 4.23% 8.18% 10.53% 9.31%
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Date: 051511(MM) Date:051511(ML) Date:051511(HM) Date:051511(HL)
3 F XF F XF F [ XF XF
Solution 19.96/mL 19.98|mL 19.98|mL 19.98|mL 19.98|mL 19.98|mL 20.16/mL 20.02{mL
Solid wt 20.01]g 20.01]g 20.01[g 20.00[g 20.02[g 20.02g 20.01]g 20.00|_g
[SDS]eq 3053.11[um 294174 um 2894.81[uM 2950.45|um 2885.45(uM 5582,13[um 5443.68[uM 5490.66|uM
n[SDS]eq 60.94|pumol 58.78|umol 57.84|umol 58.95|pmol 57.65|umol 111.53|pmol 109.74|pmol 109.92|pumol
[SDS]ad/g 5.50[umols/g 20.00|umols/g 16.00{umols/g 20.00{umols/g 16.00{umols/g 65.00|umols/g 35.00{umols/g 35.00|umols/g
n[SDS]ad 110.06|pmol 400.22|pmol 320.16/umol 400.05|pmol 320.35|umol 1301.47|umol 700.26|umol 700.08|pmol
[SDS] 8567.13|uM 22972.97|uM 18918.92|uM 22972.97|uM 18918.92|uM 70720.72(uM 40178.57|uM 40459.54|uM
n[SDS]total 171.00|pmol 459.00(umol 378.00|umol 459.00(pumol 378.00|umol 1413.00{umol 810.00|umol 810.00(pmol
Stk SDS 1.90[mL 5.10|mL 4.20|mL 5.10|mL 4.20|mL 15.70|mL 9.00|mL 9.00|mL
[styrene] 8754.91[uM 17492.29[uM 17492.29]um 8746.14]um 8746.14[uM 8746.14[uM 17336.11[um 8728.67]um
n[styrene] 174.75|pumol 349.50(pmol 349.50|umol 174.75|umol 174.75|pumol 174.75|umol 349.50|umol 174.75|umol
wt styr 0.02g 0.04[g 0.04/g 0.02g 0.02g 0.02lg 0.04/g 0.02lg
mL styr 0.02|mL 0.04|mL 0.04|mL 0.02|mL 0.02|mL 0.02|mL 0.04|mL 0.02|mL
Initiator(AIBN/VA 17.08|pumol 29.28|umol 29.28|umol 19.52(umol 19.52[pmol 19.52|pmol 39.04|umol 12.20{pmol
855.69|uM 1465.44|uM 1465.44|uM 976.96]uM 976.96|uM 976.96]um 1936.47|uM 609.38[um
0.1400|mL 0.2400{mL 0.2400|mL 0.1600{mL 0.1600|mL 0.1600{mL 0.3200|mL 0.1000{mL
Dilution 17.90{mL 14.60|mL 15.50{mL 14.70|mL 15.60{mL 4.10|mL 10.80|mL 10.90|mL
surf,ad : styrene 0.63| 1.15| 0.92] 2.29] 1.83 7.45 2.00 4.01
INI:Styr 0.10 0.08) 0.08 0.11) 0.11 0.11) 0.11 0.07|
| Date: 051511(MM) [ Date:051511(ML) [ Date:051511(HM) | Date:051511(HL)
|| MM, ads adsol 3 hrs, AIBN stk in etOH ads3hrs, poly 3hrs IML IHM IHL
wt loss 17.56 18.60 18.04 17.90 18.15 18.60 18.04 18.04
%Wt loss 12.25% 7.05% 9.85% 10.51% 9.35% 7.10% 9.83% 9.81%
MW Stock
SDS 288.38]g/mol 55480(uM
100000(pM
90000|uM |Date:041411
styrene 104.15|g/mol
AIBN 164.2|g/mol 149766.5449|uM
121997.5639|uM (0.5 g in 25mL)
VA044 323.33[g/mol| | 76057.48513]um
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C1: SDS monolayer calculation

e Equilibrium Surface tension versus Concentration
SDS
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Concentration [mol/l]
purified SigAl SDS
satd F lab SDS |SigAl SDS |satd XF satd F satd C sept27
ST° (mMN/m) 77.71 TR 75.53 77.16 77.56 77.71 77.76 76.86
Base line (MN/m) 32.38 36.93 32.98 35.39 32.38 33.26 33.8
Slope(mN/m/decade) -52.45 -51.02 -37.24 -44.15 -52.45 -51.78 -41.02
CMC (mol/L) 0.004062 6.69E-03| 5.35E-03] 0.003577| 0.004062| 0.004165| 0.005203
with swamping
Gibbs eq (1:1) ionic I = -1/(4.606RT) *(dy/dlogCy) r = -1/(2.303RT) *(dy/dlogCy)
surfactant a; = 10%°%/Nr, a; = 10%/Nry
r= 0.0046 mol/1000m? 0.0092 mol/1000m?
as, = 36.11 A2 /molecule 18.05 A% /molecule
Xtra Fine Fine Medium [Coarse Xtra Fine |Fine Medium [Coarse

m2/g (BET) 1.126 0.593 0.44 0.256 1.126 0.593 0.44 0.256
umol/g (monolayer) 5.177768887| 2.726836| 2.023284| 1.177184 10.35554| 5.453671| 4.046569| 2.354367
bilayer 10.35553777 5.453671 4.046569 2.354367 20.71108 10.90734 8.093138 4.708735
sat'd SDS m2/g (BET) 1.047 0.547 0.256 1.047 0.547 0.256
pmol/g (monolayer) 4.814497358| 2.51531 0f 1.177184 9.628995( 5.030621 0| 2.354367
bilayer 9.628994716 5.030621 0 2.354367 19.25799 10.06124 0 4.708735
m2/g (Malvern) 1.74 1 0.48 0.22 1.74 1 0.48 0.22
pmol/g (monolayer) 8.001170394| 4.598374| 2.207219| 1.011642 16.00234| 9.196748| 4.414439| 2.023284

bilayer 16.00234079 9.196748 4.414439 2.023284
% PSD diff 54.53% 68.63% 9.09%| -14.06%
(Adsorption isotherm)

SDS sat’d adsorption,

o 35 65 13
%diff (N2 BET analysis) 70.41% 91.61% 81.89%
%diff (Laser diffraction) 54.28% 85.85% 84.44%
%diff (SDS sat'd) 72.49% 92.26% 81.89%
x(N2 BET analysis) 3.379834129 11.91858 5.521653
x (Laser diffraction) 2.187180017 7.067716 6.425196
x (SDS sat'd) 3.634855043 12.92087 5.521653
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32.00468 18.3935 8.828878 4.046569

35 65
40.83%  83.22%
8.56%  71.70%
44.98%  84.52%
1.689917 5.959288
1.09359 3.533858
1.817428 6.460435
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63.78%
68.87%
63.78%

2.760827
3.212598
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C2: BET particle size analysis of coarse CaCO3

Quantachrome NovaWin2 - D

ata Acquisition and Reduction

for NOVA instruments
©1994-2007, Quant:a\chrome Instruments uantachrome
version 9.0 L—E.mu”m )
Optimizing paricie

Analysis Report
Operator:0JO Date:2011/07/21 Operator: Date:7/22/2011
Sample ID: 07_21_11 Filename: C:\QCdata\Physisorb\CaCO3 ) 7_21_11.gps
Sample Desc: Surface Area/Pore volumeComment: Degassed @ 300 deg C for 3 hrs
Sample weight: 7.9694 g Sample Volume: 3.16734 cc
Outgas Time: 3.0hrs OutgasTemp: 300.0C
Analysis gas: Nitrogen Bath Temp: 77.3K
Press. Tolerance: 0.100/0.100 (ads/des) Equil time: 240/240 sec (ads/des)  Equil timeout: 480/480 sec (ads/des)
Analysis Time: 178.3 min End of run: 2011/07/21 0:00:00 Instrument: Nova Station A
Cell ID: 5

Multi-Point BET

- Data Reduction Parameters Data

@sorbate Nitrogen Temperature 77.350
[ Molec. Wt.: 28.013 ¢ Cross Section:  16.200 A Liquid Density: 0.808 grcc

Multi-Point BET Data
|

|
Relative|Pressure  Volume @ STP 1/ [ W((Po/P) -1)] R‘glative|Pressure Volume @ STP  1/[W((Po/P)-1)]
\
[P/Po] [cc/g) i [P/Po] [cclg]
4.77924e-02 0.0595 6.7515e+02 | 2.40684e-01 0.0870 2.9164e+03
9.66224e-02 0.0670 1.2780e+03 \ 2.88032e-01 0.0935 3.4631e+03
1.44838e-01 0.0737 1.8398e+03 | 3.35634e-01 0.1002 4.0355e+03
1.92864e-01 0.0800 2.3898e+03 |
BET summary
Slope = 11569.519
Intercept = 1.457e+02
Correlation coefficient, r = 0.999900
C constant= 80.415
Surface Area = 0.297 m3g

Quantachirioma NovaWin - Data Acquisition and Reduction for NOVA ©1994-2007,

version 9.0

Report id:{697087223:20110722 114801218} Page 1 of 1
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C3: BET particle size analysis of fine CaCOs

Quantachrome NovaWin2 - Data Acquisition and Reduction
for NOVA instruments

©1994-2007, Quantachrome Instruments uantachrome
version 9.0 TNETAUWIWTS

. e e o e — . opummngpamiepefomane
Analysis Report
Operator:0JO Date:2011/07/27 Operator: Date:7/27/2011
Sample ID: 07_27_11 Filename: C:\QCdata\Physisorb\CacO3 (Fing) 7_27_11.qps
Sample Desc: Surface Area/Pore volumeComment: Degassed @ 300 deg C for 3 hrs
Sample weight: 4.927g Sample Volume: 1.95036 cc
Outgas Time: 3.0hrs QutgasTemp: 3000C
Analysis gas: Nitrogen Bath Temp: 773K
Press. Tolerance: 0.100/0.100 (ads/des)  Equil time: 240/240 sec (ads/des)  Equil timeout: 480/480 sec (ads/des)
Analysis Time:  176.9 min End of run: 2011/07/27 0:00:00 Instrument: Nova Station A
Cell ID: 5
Multi-Point BET
————Data Reduction Parameters Data ‘
Adsorbate Nitrogen Temperature 77.350k
Molec. Wt.: 28.013 4 Cross Section:  16.200 A Liquid Density: 0.808 gicc
= Multi-Point BET Data ————— —
Relative|Pressure Volume @ STP 1/ [W((Po/P)-1)] RLIatIvelPressure Volume @ STP 1/ [W((Po/P)-1)]
[P/Po] [cclg] [PIPo] [ec/gl
4.69666e-02 0.1425 2.7661e+02 2.40310e-01 0.1844 1.3729e+03
9.60930e-02 0.1534 5.5441e+02 2.87735e-01 0.1959 1.6498e+03
1.44683e-01 0.1633 8.2870e+02 3.34984e-01 0.2092 1.9268e+03
1.92793e-01 0.1735 1.1012e+03 |
P - — . - - .
BET summary
Slope = 5722.537 |
Intercept = 3.120e+00 |
Correlation coefficient, r = 0.999969
| C constant= 1835,270
Surface Area = 0.608 m?/g
|
o Quantachrame NoveWin2 - Data Acquisition snd Reductin for NOVA instruments £1994-2007, Quantechrome Insiruments version 9.0 Report id:{548715741 120110727 1741 55144) Page 1 of 1
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C4: BET particle size analysis of extra fine CaCO3;

e Quantachrome NovaWin2 - Data Acquisition and Reduction
for NOVA instruments e
©1994-2007, Quantachrome Instruments vanhtachrome
. version 9.0
- e e e e o _ Opuminngparie performance
Analysis Report
Operator:0JO Date:2011/07/28 Operator: Date:7/29/2011
Sample ID: 07_28_11 Filename: C:\QCdata\Physisorb\CaCO3 (XFin€) 7_28_11.qps
Sample Desc: Surface Area/Pore volumeComment: Degassed @ 300 deg C for 3 h
Sample weight: 3.8792g Sample Volume: 1.55235 cc
Outgas Time: 30hrs OutgasTemp: 3000C
Analysis gas: Nitrogen Bath Temp: 77.3K
Press. Tolerance: 0.100/0.100 {(ads/des) Equil time: 240/240 sec (ads/des)  Equil timeout: 480/480 sec (ads/des)
Analysis Time:  166.2 min End of run: 2011/07/28 0:00:00 Instrument: Nova Station A
Cell ID: 5
Multi-Point BET
Data Reduction Parameters Data ——————— —
Adsorbate Nitrogen Temperature 77.350«
Molec. Wt.: 28.013 g Cross Section:  16.200 A* Liquid Density:  0.808 gicc
s ——Multi-Point BET Data — ——————
Relative|Pressure Volume @ STP 1/ [ W((Po/P) -1)] Relative|Pressure Volume @ STP 1/[W((Po/P)-1)] |
|
[P/Po] [eclg] [P/Po] [cc/g] ‘
4.82512e-02 0.2501 1.6219e+02 2.39202e-01 0.3295 7.6351e+02 ‘
9.61000e-02 0.2733 3.1130e+02 2.86691e-01 0.3507 9.1685e+02
1.44217e-01 0.2897 4.6535e+02 3.33968e-01 0.3731 1.0752e+03 [
\ 1.92137e-01 0.3069 6.1996e+02 [
—~— - - - -
BET summary
Slope = 3186.213 \
Intercept = 6.149e+00 |
Correlation coefficient, r = 0.999950
C constant= 519.202
Surface Area = ﬁ .091 m3g ™\
\_/
Wl
S\Ufél Al ”
nd
&,ﬁv*' ta of 9 Pou? 4
(‘\'\ ! _ Foc. 5B
M ks
i (e ‘
o~ uaniacioma NoveWind - Data Acquistion and Reduciion foc NOVA ; on 90 Report id:{622198728:20110729 154350719} Page 1 of 1
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C5: Laser diffraction (Malvern zetasizer) particle size analysis of coarse CaCO3

(oth3 Coanse
Sample Name:

AdiCARB 150 (C)
C124 (HKK) - 230310 [SAM]

Sample bulk lot ref:

Tel : 603-8922 1822

Email : sales@bcichemical.com.my

Result: Sieve ASTM E11:61 Report

SOP Name:

Measured by:
Administrator
Result Source:
Averaged

Measured:

Saturday, April 03, 2010 11:14:15 AM

Analysed:

No.27, Jalan P/21, Selaman Industrial Park, Sec 10, 43650 Bandar Baru Bangi . Selangor Darul Ehsan
Fax : 603-8922 3088

Saturday, April 03, 2010 11:14:16 AM

Particle Name: Accessory Name: Analysis model: Sensitivity:
CaCOg3 (calcite) Hydro 2000MU (A) General purpose Normal
Particle RI: Absorption: Size range: Obscuration:
1.572 0.1 0.020 to 2000.000 um 15.29 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 1.870 % Off
Concentration: Span: Uniformity: Result units:
0.0661 %Vol 2.460 0.743 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]: Density:
0.218 m?/g 27.580 um - 133.726 um 1.000 g/cm?®
/‘/“"N\\
d(0.1): 26.279 um d (0.5) : 105.002 um,". d(0.9): 284.635 um
_— it
Mesh No| Aperture um | Volume In %| Vol Below % Mesh No| Aperture um| Volume In %| Vol Below % Mesh No| Aperture um | Volume In %] Vol Below %
10 2000 100.00 35 500 99.32 120 125 58.40
0.00 1.62 7.95
12 1700 100.00 40 425 97.70 140 106 50.46
0.00 2.82 7.75
14 1400 100.00 45 355 94.89 170 90 42.70
0.00 3.58 8.04
16 1180 100.00 50 300 91.31 200 75 34.66
0.00 4.93 6.74
18 1000 100.00 60 250 86.38 230 63 27.92
0.00 5.41 5.56
20 850 100.00 70 212 80.97 270 53 22.35
0.00 6.24 4.21
25 710 b6 100.00 80 180 = o 74.74 325 45 Y 18.14
30 600 ’ 100.00 100 150 i 66.91 400 38 - 14.77
0.68 8.51
35 500 99.32 120 125 58.40
8 Particle Size Distribution
5 o e 100
»
/ 4 90
!
~ £\ 4170
§ 5 /, f’/ x“
o / 7/ 1 60
= 4 / / \
= / ;f \ 4 50
e / \
> 3 o .4 4 40
\
2 30
\i 4 20
1 bt
\ 1 10
(| v | \ 0
0.1 100 1000
Particle Size (um)

Operator notes:

Malvern Instruments | .td

Add 5 drops of 15% Sodium Hexametaphosphate solution.

Mastersizer 2000 Ver 5 40
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C6: Laser diffraction (Malvern zetasizer) particle size analysis of fine CaCO3

BC1

4

Lol Fint

Sample Name:
AdiCARB 25 (F)

C133 (KPM) - 230310 [SAM]

Sample bulk lot ref:

No.27, Jalan P/21, Selaman Industrial Park, Sec 10, 43650 Bandar Baru Bangi . Selangor Darul Ehsan
Fax : 603-8922 3088
Email : sales@bcichemical.com.my

Result: Sieve ASTM E11:61 Report

Tel : 603-8922 1822

SOP Name:

Measured by:
Administrator
Result Source:
Averaged

Measured:

Saturday, April 03, 2010 10:28:48 AM

Analysed:

Saturday, April 03, 2010 10:28:49 AM

Particle Name:

Accessory Ngme:

Analysis model: Sensitivity:
CaCO0a3 (calcite) Hydro 2000MU (A) General purpose Normal
Particle RI: Absorption: Size range: Obscuration:
1.572 0.1 0.020 to 2000.000 um 17.30 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 1.988 % Off
Concentration: Span: Uniformity: Result units:
0.0168 %Vol 2.442 0.761 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]: Density:
0.997 m?/g 6.019 um 30.592 um 1.000 glcm?®
d(0.1): 2.305 um d (0.5) : 26.181 um d(0.9): 66.246 um
Mesh No| Aperture um | Volume In %| Vol Below % Mesh No| Aperture um | Volume In %| Vol Below % Mesh No| Aperture um | Volume In %| Vol Below %
10 2000 100.00 35 500 100.00 120 125 100.00
0.00 0.00 0.32
12 1700 100.00 40 425 100.00 140 106 99.68
0.00 0.00 2.07
14 1400 100.00 45 355 100.00 170 90 97.61
0.00 0.00 3.90
16 1180 100.00 50 300 100.00 200 75 93.71
0.00 0.00 5.44
18 1000 100.00 60 250 100.00 230 63 88.27
0.00 0.00 6.80
20 850 100.00 70 212 100.00 270 53 81.47
0.00 0.00 7.33
25 710 100.00 80 180 100.00 325 45 74.14
0.00 0.00 7.94
30 600 100.00 100 150 100.00 400 38 66.20
0.00 0.00
35 500 100.00 120 125 100.00
Particle Size Distribution
. Al L idernpert 100
4 \ x.
. Y 1 90
'," /" "\ 4 80
/ \
== / 4 70
g ° AT
1l 4 60
) 4 / \
S 7T 7 \
=2 / / i 4 50
&) 4 \
- B / i \ 1{ 40
2 ,/’/,// \ 7] 30
AT A \
r"’/ ’/./ \‘ - 20
1 {MEL NS M \
T ] {10
0 = \ 0
0.1 1 10 100 1000
Particle Size (um)
Operator notes: Add 5 drops of 15% Sodium Hexametaphosphate solution.

Malvern Instruments Ltd

Mastersizer 2000 Ver 540

101

File name’ 20100403 Calcium Carbonate



C7: Laser diffraction (Malvern zetasizer) particle size analysis of extra fineCaCO;

No.27, Jalan P/21, Selaman Industrial Park, Sec 10, 43650 Bandar Baru Bangi . Selangor Darul Ehsan

Tel : 603-8922 1822 Fax : 603-8922 3088
Email : sales@bcichemical.com.my

Result: Sieve ASTM E11:61 Report

(a3 TxpruFine
Sample Name:

AdiCARB 5 (XF)
C232 (OM) - 230310 [SAM]

Sample bulk lot ref:

SOP Name:

Measured by:
Administrator

Result Source: -

Measured:

Saturday, April 03, 2010 10:17:11 AM

Analysed:

Saturday, April 03, 2010 10:17:13 AM

Particle Name:
CaCO3 (calcite)

Particle RI:

Averaged
Accessory Name: Analysis model: Sensitivity:
Hydro 2000MU (A) General purpose Normal

Absorption: Size range: Obscuration:
1.572 0.1 0.020 to 2000.000 um 17.96 %
Dispersant Name: Dispersant RI: Weighted Residual: Result Emulation:
Water 1.330 1.887 % Off
Concentration: Span : Uniformity: Result units:
0.0098 %Vol 1.976 0.605 Volume
Specific Surface Area: Surface Weighted Mean D[3,2]: Vol. Weighted Mean D[4,3]: Density:
1.74 m?/g 3.450 um 8.953 um 1.000 g/cm?®
d(0.1):  1.220 um @5_}_: 8.27 % d(0.9): 17.569 um
Mesh No| Aperture um | Volume In %] Vol Below % Mesh No| Aperture um | Volume In % | Vol Below % Mesh No| Aperture ym | Volume In %] Vol Below %
10 2000 100.00 35 500 100.00 120 125 100.00
0.00 0.00 0.00
12 1700 100.00 40 425 100.00 140 106 100.00
0.00 0.00 0.00
14 1400 100.00 45 355 100.00 170 90 100.00
0.00 0.00 0.00
16 1180 100.00 50 300 100.00 200 75 100.00
0.00 0.00 0.00
18 1000 " 100.00 60 250 o 100.00 230 63 - 100.00
20 850 : 100.00 70 212 - 100.00 270 53 3 100.00
0.00 0.00 0.00
25 710 100.00 80 180 100.00 325 45 100.00
0.00 0.00 0.00
30 600 100.00 100 150 100.00 400 38 100.00
0.00 0.00
35 500 100.00 120 125 100.00
Particle Size Distribution
o N 100
8 S I {/ 4 90
] \
7 4 / VAl 4 80
] 7\
— Fi 7 Y -
x 6 / // \ 70
¢ 5 Lo\ ] ‘B
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3 4 Ly ) 1%
> | { 40
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2 e 4 20
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1 4 e = \ 4 10
0_ - et - 0
0.1 1 10 100 1000
Particle Size (um)

Operator notes:

Malvern Instruments Ltd

Add 5 drops of 15% Sodium Hexametaphosphate solution.

Mastersizer 2000 Ver 5 40
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