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ABSTRACT 

Electrophoretic mobilities of acicular chromium dioxide (CrO2) particles have 

been measured in a tetrahydrofuran media containing the following solutes: lecithin, 

sodium perchlorate, phospatidylcholine, and cetyl tri-methyl ammonium bromide (CTAB). 

In sodium perchlorate solutions, Cr02 is positively charged while in phosphatidylcholine 

and CTAB solutions the charge on the OO2 particles changes from positive to negative 

as the solute concentration is increased. Possible charging mechanisms are discussed. 

The effect of water on the electrokinetic characteristics of Cr02 has also been 

investigated and is reported. There seems to exist good correlation between the zeta 

potential values and the stability of Cr02 dispersions indicating the presence of 

electrostatic stabilization in these systems. Application of DLVO theory to the 

dispersions show that energy barriers as high as 24 kT can exist when particles have a 

zeta potential of approximately 70 mV, 

ix 



CHAPTER ONE 

INTRODUCTION 

Magnetic recording media (tapes, diskettes, etc.) typically consist of magnetic 

oxide particles in a polymeric matrix coated on a flexible polymer substrate. The 

manufacture of quality magnetic recording media depends on many factors, the most 

important of which is the stabilization of dispersions of magnetic oxide particles in 

non-aqueous solvents of low dielectric constant. The stability and quality of the 

dispersion is highly critical in obtaining a consistent coating on the recording media 

substrate as well as in attaining the desired magnetic qualities of the finished 

product. 

Any clumping or agglomeration of particles in the magnetic oxide dispersion, 

herein described as magnetic ink, would lead to a poor quality recording medium. 

Therefore, much emphasis is placed on the optimization of milling circuits in the 

magnetic ink production line. As milling of the magnetic particles takes place in the 

presence of a dispersant, the choice of the proper dispersant and its optimum 

concentration becomes very important. In an aqueous environment, the choice of 

dispersant/surfactant is relatively simple; one generally determines the surface 

charge of the dispersed particle at the operating pH and choses either an anionic or 

cationic surfactant based upon the sign of the surface charge. Unlike aqueous 

systems, the origin of surface charge and its determination in a non-aqueous system 

is not as clearly understood and therefore the choice of dispersants for magnetic inks 

has typically been more by trial and error. 

1 
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Dispersions of particles in a iiuid medium can be stabilized by either 

electrostatic or steric mechanisms. Electrostatic stabilization arises from the 

overlap and resulting electrostatic repulsion provided by electrical double layers 

on charged particles, while steric stabilization relies on the entropic and enthalpic 

effects of the interaction of long, adsorbed hydrocarbon chains of the dispersant 

molecules to keep the particles dispersed. 

In non-aqueous systems, there is uncertainty concerning the importance of 

electrostatic stabilization. This is mainly due to the difficulty in understanding 

and establishing charging mechanisms and charge-carrying species in organic 

liquids. However, several recent papers have illustrated that electrostatic 

stabilization is possible in a non-aqueous environment. De Rooy et al. (1980) 

showed that a wide variety of colloidal materials could be electrostatically 

stabilized in polar organic solvents. Fowkes et al. (1982) showed that the 

stabilization mode can switch from steric to electrostatic for carbon black in 
/ 

mineral oil as the concentration of a polymeric dispersant is increased. 

The object of the research reported in this work was to study the surface 

cha r g e  c h a r a c t e r i s t i c s  o f  c h r o m i u m  d i o x i d e  ( C r C > 2 )  i n  t e t r a h y d r o f u r a n  ( T H F )  w i t h  

special attention to the stability of CrC>2 dispersions. The zeta potential of CrC>2 

particles has been measured in THF solutions containing certain inorganic salts 

and organic compounds and the interrelation between zeta potential and 

dispersion stability has been studied through particle growth studies. In addition, 

the role of water in the solvent and on the particle surface has been investigated 

with respect to surface charge and stability. 



CHAPTER TWO 

BACKGROUND AND LITERATURE REVIEW 

2.1. Magnetic Inks 

2.1.1. Composition: A magnetic ink is typically composed of dispersed 

magnetic oxide particles in an organic solvent containing dispersants, binders, and 

lubricants. Typical constituents of Cr02 magnetic inks are listed in Table 1. 

Table 1. Solvents and Additives for Cr02 Magnetic Inks 

Solvents: THF, MIBK, MEK, toluene, or cyclohexanone or various mixtures of 
these 

Dispersants: natural soybean lecithin, synthetic phosphate esters 

Binder: Polyurethane types, sometimes blended with polyvinylidene chloride 

Lubricants: oils, waxes, fatty acid soaps (stearates) 

Cross-linker: isocyanates 

The pigment (magnetic particle) volume of an ink is usually 45 to 50 %. The amount 

of dispersant added varies from 2 to 4 % of the pigment weight, while polyurethane 

binder usually equals 11 to 15 % of the pigment weight. Lubricants are added to the 

ink to increase the lifetime of the finished recording media. Cross-linkers aid in the 

hardening of the polyurethane binder once the ink has been coated on the flexible 

substrate. 

3 
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The manufacturing process for a CrC>2 magnetic ink is illustrated in Fig. 1. 

First, Cr02 is added to the dispersant containing solvent and mixed for a set time. 

The resultant slurry is then pumped through a series of high shear "sand" mills for 

dispersion. Solvent containing the binder and lubricant is typically added to the 

flow stream before it enters the final mill to ensure thorough mixing; adequate 

dispersion is usually attained prior to the final mill. The ink, as it is now called, is 

then placed in an agitated storage tank and held until ready to coat. The cross-

linker is generally added just prior to coating. 

2.1.2. Chromium Dioxide: Cr02 particles are synthesized by reacting chromic 

acid and Cr203 at elevated temperature and pressure in an autoclave. The resulting 

cake is ground and pulverized to liberate the crystals of CrC>2 and then washed in a 

sodium bisulfite solution to "stabilize" the surface. This treatment is believed to 

form a thin surface layer of CrOOH on the particles and render the particles more 

stable against decomposition into CrC>3 and <>203. Some of the advantages of CrC>2 

particles manufactured in this manner include uniform shape, fairly uniform size, 

and absence of dendrites from the individual crystals. 

2.1.3. Lecithin: For many years, lecithin has been the choice for the 

dispersing agent of many magnetic tape manufacturers. Lecithin, obtained from 

soybeans, is a complex mixture of phosphatides, soy oils, and soy fatty acids. It is 

believed that the phosphatides provide the dispersing power of the commercial 

lecithins (Seto et al., 1981). Currently, it is not known which of the phosphatides 

(phosphatidylcholine, phosphatidylethanolamine, or phosphatidyl inositol) or if some 

mixture of the three is responsible for the stabilization of magnetic oxide dispersions. 

Neither is the stabilization mode, steric or electrostatic, understood. 
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2.1.4. Tetrahydrofuran (THF); Tetrahydrofuran is a common industrial 

solvent used in the manufacture of magnetic inks. Being a saturated cyclic ether, 

THF has properties similar to the aliphatic ethers (Dreyfuss, 1982). The physical 

properties of THF may be found in Appendix A. Its complete miscibility with 

water is both an interesting quality and a research problem which requires careful 

monitoring. 

2.2. Surface Charge in Non-aqueous Liquids 

2.2.1. Charging Mechanisms: In aqueous environments, the charging 

mechanisms for dispersed colloidal particles are fairly well understood and accepted. 

According to Napper (1967), electrostatic charge in an aqueous system is acquired in 

at least two different ways: 1) the particle surface may contain certain ionogenic 

moieties or 2) ions in solution may adsorb specifically at the surface. An example of 

the first mechanism would be surface groups, such as carboxylic acid or sulfate half-

ester groups, which will dissociate in certain polar liquids. This has been observed 

for colloids of monodisperse polystyrene (Shaw and Ottewill, 1965) and polyvinyl 

acetate (Napper and Parts, 1962). The standard example of charging by the specific 

adsorption of potential determining ions would be that of dispersed oxide particles in 

water solutions containing an excess of either H+ or OH" ions. In an excess of H+, 

the H+ ions normally adsorb at the surface and impart a net positive charge while a 

negative charge is observed in an excess of OH" ions due to their specific adsorption. 

Other likely mechanisms are the adsorption of ionized surfactants (Lyklema, 1968) or 

isomorphic substitution, particularly on clay minerals (Olphen, 1963). 

In sharp contrast to the well developed and widely accepted charging 

mechanisms in aqueous systems, charging mechanisms of oxide particles in non-
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aqueous liquids are neither as readily understood nor agreed upon. However, there 

do exist several excellent reviews of proposed origins and characteristics of surface 

charge in non-aqueous liquids (Lyklema, 1968; Parfitt and Peacock, 1978; and 

Kitahara, 1984). The charging mechanisms in non-aqueous liquids most frequently 

cited by the above authors are as follows: 1) the preferential adsorption of 

dissociated anions or cations in solution, or 2) the dissociation of any dissociative 

groups on the particle surface. The second mechanism frequently deals with proton 

transfer, i.e. acid-base type reactions, between the solid and solvent or dispersant 

components of a dispersion. 

The first mechanism, preferential adsorption of ions from the a non-aqueous 

solution, at first seems pu2zling. Because of the low dielectric constants of the 

liquids in question, the likelihood that the liquids can insulate charges and therefore 

promote ionization is not great. However, it has been demonstrated by several 

authors that ions do exist in non-aqueous solutions of low dielectric constant (Fouss. 

1933, 1935, and 1958; Kraus and Fouss, 1933; Strong and Krauss, 1950; and La Mer 

and Downes, 1931, 1933a, and 1933b). 

There are many cited examples of the preferential adsorption mechanism. De 

Rooy et al. (1980) surmised that the adsorption of negatively charged citrate ions onto 

the surface of Ag sols was responsible for the negative zeta potential observed in 

ethanol. Koelmans and Overbeek (1954) attributed the positive charge on Fe203 and 

AI2O3 in xylene to adsorption of small inorganic ions from the dissociation of 

organic salts. Kandori et al. (1984a) reported positive surface charges on samples of 

magnetic and non-magnetic iron(IIl) oxide in cyclohexane solutions containing sodium 

di-2-ethylhexyI sulfosuccinate (Na-Aerosol OT). The positive surface charge was 
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postulated to arise from the adsorption of excess Na+ ions present in the system on 

the surface of the oxides. 

The second mechanism, dissociation of surface groups or proton transfer, has 

been invoked to explain many experimental observations. Most of the cited cases 

refer to some sort of acid-base interaction between the particle surface and the 

solvent system, as proposed by Lyklema (1968). Lyklema has claimed that proton 

adsorption or desorption from the particle surface depends upon the relative acidity 

or basicity of the solvent and the particle (Bronsted theory). A reaction of this type 

can be written as 

SH2+ + B" SH + HB S- + H2B+ [I] 

where SH and HB represent the solid and solvent, respectively. Lyklema went on to 

say, "If a proton can be adsorbed on the surface the clear distinction between 

'adsorption of potential-determining ions' and 'dissociation of surface groups' fades 

away." Kitahara (1984) expanded on this idea in offering an explanation of the work 

of Tamaribuchi and Smith (1966). Tamaribuchi and Smith postulated proton transfer 

as the charging mechanism in explaining the charge observed on titanium dioxide 

particles in 2,2,4-trimethylpentane, benzene, methyl ethyl ketone, and ethyl acetate. 

Due to the presence of trace amounts of water in aprotic solvents, Kitahara proposed 

the following reactions to explain Tamaribuchi's and Smith's observations. 

P + S + H+ + OH" PH+ + S + OH" [2a] 

P + S + H+ + OH" POH" + S + H+ [2b] 

If the surface of particle P is more basic than the solvent S, then equation [2a] is the 

responsible charging mechanism. Therefore, the particle will display a positive 

charge. The reverse is true, [2b], for the case of the solvent being more basic than 
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the particle surface. This mechanism can also be used to explain the observations of 

Ti02 in n-butylamine and 1-butanol (Romo, 1963) and ce-Fe2C>3 in cyclohexanone 

and isopropyl alcohol (Sato, 1971). 

Fowkes et al. (1982) have offered similar explanations for the surface charge 

on carbon black in several liquids of low dielectric constant. This work consisted 

of adsorbing pyridine-containing molecules onto the surface of carbon black. The 

charging mechanism thought to be responsible to the observed surface charge was as 

follows. Protons were generated by a charge separation of acidic surface groups of 

phenol and carboxylic acid on the carbon black and the basic nitrogen in the 

adsorbed pyridine compounds. The protons from the acidic carbon black were 

transferred to the nitrogen-containing groups. Charging occurred when the now 

positively charged pyridine compound desorbed, leaving a net negative charge on the 

surface. This type of explanation was also used by Pugh et al. (1983) in explaining 

the observed surface charge on carbon black in dodecane using Chevron OLAO 

1200, an automotive crankcase oil dispersant. 

A somewhat more complex mechanism involving protonation and dissociation 

occurring competitively during the charging process was offered by Kennedy and 

Foissy (1977) to explain the charge on beta-alumina (with 7.5 wt. % NajO) in various 

solvents. These charging mechanisms were studied more thoroughly by Foissy and 

Robert in 1982. They proposed three mechanisms to explain the observed negative 

charge of the beta-alumina particles in dichloroethane: 

I) Dissociation of Na+ from the /3-alumina: 
(Na j3-alumina) -+• (/3-alumina)~ + Na+. 
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2) Dissociation of H+ ions following the formation of a 
protonated beta alumina surface (after Na+ 

dissociation): 
(Na ^-alumina) + H+ •+ (H ^-alumina) + Na+ -+ 

(/3-alumina)~ + H+ + Na+. 

3) Dissociation of superficial OH groups: 
(Na j3-alumina)OH -» (Na 0-alumina)O~ + H+. 

Their results emphasized the ion (Na+) exchange reaction occurring between the 

beta-alumina and the solvent as the precursor to beta-alumina charging. 

On at least one occasion, the concept of particle charging by friction 

(triboelectric phenomenon) in an organic solvent has been reported (Moskovenko, 

1962). Similarity, Labib and Williams (1984) have proposed a charging mechanism 

based upon the donor-acceptor properties of a particle surface (Lewis theory). 

Termed "electron donicity," they ranked the tendency of various solvents to donate 

electrons in a donor-acceptor reaction as compared to a reference Lewis acid, SbCl5, 

in 1,2-dichloroethane. They then compared electrophoresis results for numerous 

particles in the ranked organic liquids and concluded that the surface charge of the 

particle was acquired by direct electron transfer from a neutral liquid molecule. 

However, they did ascertain that solid surfaces which have a strong affinity for 

water would probably become charged by some mechanism involving adsorption and 

desorption of ions rather than direct electron transfer. 

2.2.2. Effect of Water in Non-aqueous Solvents: As already mentioned, the 

proton transfer mechanism is possible in aprotic solvents due to the presence of trace 

amounts of water in the solvent. For example, the water content of THF will 

rapidly exceed 3000 ppm if not stored under controlled conditions, whereas the water 

content of hexane will equilibrate at about 20 ppm H2O even if no extraordinary 

precautions (Hudson and Raghavan, 1986) are taken. The presence of water in the 



11 

non-aqueous environment is especially difficult to handle in that inorganic oxides 

have a high affinity for any water present. If water is present in an organic 

solvent, the water will preferentially adsorb at the oxide and solvent interface 

(Lyklema, 1968). A further complication is that adsorbed water films on the surface 

of the oxide will promote further dissociation of ionic species present in the organic 

system (Fowkes et ah, 1982). 

A search of the literature reveals that even trace amounts of water can play a 

significant role in the dispersion of hydrophilic oxides. For example, in the rutile -

Na-Aerosol OT - xylene system, McGown et al. (1965) found that the rutile 

particles were positively charged in the presence of water and negatively charged in 

its absence. The positive charge was attributed to the preferential adsorption of Na+ 

ions at the solid/liquid interface promoted by the presence of adsorbed water which 

made the surface more basic. Interestingly, it was also observed that the zeta 

potential of the rutile particles passed through a maximum at a water content of 

approximately 80 ppm. Subsequent investigations of rutile by Micale et al. (1966) 

showed that the removal of trace amounts surface water caused a ten-fold increase 

in the electrophoretic mobility of rutile in heptanol when the surface coverage by 

water was varied from 30 to 3%. The observed maximum in zeta potential as a 

function of water content has been explained by Kitahara (1984) as follows. An 

increase in the amount of water present increases the amount of cations adsorbed or 

dissolved in the water layer around the particle. This in turn increases the positive 

zeta potential of the particle. Consequently, the increased positive charge in the 

water layer now has a greater affinity for negative ions in the system. These 

negative ions migrate into the electrical double layer which leads to a decrease in 

zeta potential and the observed maximum. 
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As previously mentioned, Kandori et al. (1984a) investigated the stability of 

magnetic and non-magnetic iron oxide in cyclohexane solutions containing Aerosol 

OT. These investigations were carried out both in the presence and absence of 

water. In the anhydrous solvent, the observed zeta potential on the various iron 

oxides was approximately 60 mV and was attributed to the preferential adsorption of 

Na+ ions. Upon introduction of water, the zeta potential was found to steadily 

decrease. The addition of water was thought to cause desorption of Aerosol OT and 

the associated Na+ ion from the iron oxide surface and into Aerosol OT micelles 

which were observed in the solution. This desorption was cited as the reason for 

the decrease in zeta potential and the added water was thought to be distributed 

between the oxide surface and the reverse micelles of Aerosol OT. 

In another recent publication, Kandori, Kitahara, and Kon-no (1984b) reported 

the results of experiments on the effect of water on the stability of iron(III) oxide 

particles dispersed in 2-butanone, a polar solvent, in the presence of two different 

copolymers. They reported an increase in stability with an increase of water in the 

solvent, followed by a rapid decrease in stability above a certain water 

concentration. The initial increase was attributed to a change in the conformation of 

the adsorbed polymers by the increase in water concentration. The initial increase 

in dispersability could not be explained by an increase in electrical double layer 

repulsion as the zeta potential decreased with an increase in the water concentration. 

Kennedy and Foissy (1977) also observed a change in surface charge as the water 

concentration was changed; beta-alumina exhibited a maximum in mobility in 

dichloroethane (containing 9.4 gram per liter trichloroacetic acid) at around 100 ppm 

H2O. However, the role that water played in determining the surface charge was 

not entirely clear. 
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Others have reported results of experiments with non-oxide materials and 

how water affects charging in a non-aqueous environment. Polar groups are present 

on the surface of carbon black, even though the degree varies depending upon the 

type of carbon black used. Hence, it is not surprising that several workers have 

reported observing water to affect the surface charge of carbon black. Kitahara et 

al, (1967) reported a marked maximum in the absolute value of the zeta potential of 

carbon blacks in several different solvents containing Aerosol OT as water 

concentration was increased. Likewise, Meadus et al. (1969) reported a maximum in 

both the mobility of carbon black particles and stability of carbon black dispersions 

in toluene with increasing water concentration. In a very recent paper, Gosse et al. 

(1986) described the effect of water on the surface charge of capacitor paper (95% 

a-cellulose) in propylene carbonate. Though the effect of water on the system was 

rather complex, the surface charge on the paper was believed to have arisen from 

the dissociation of carboxylic groups and the specific adsorption of cations, both of 

which were enhanced by increased water content in the solvent. 

2.2.3. Non-aqueous Electrophoresis: Techniques to measure the zeta potential 

of dispersed colloids in aqueous systems are numerous and well known. An 

excellent review of methods for determination of zeta potential is available in the 

literature (Sennett and Olivier, 1965). Many instruments for such measurements are 

commercially available. Electrophoresis, the most common method for non-aqueous 

dispersions (Parfitt and Peacock, 1978), involves applying an electrical field to a 

suspension of particles and observing their migration under the influence of the 

electrical field. However, in the case of non-aqueous electrophoresis, there are 

concerns over the uniformity of applied electrical fields and possibility of large 
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potential drops near the electrodes. These concerns arise due to the low dielectric 

constant of the liquids used; typically, er < 20 for organic liquids compared to 

er = 80 for. water. Therefore, caution must be exercised when making 

electrophoresis measurements. In paticular, care must be taken to avoid polarization 

of the cell (Parreira, 1968). This may be overcome by ensuring that the conductance 

of the liquid is of a suitably high value, typically > 10~14 mho/cm (Parfitt and 

Peacock, 1978). As mentioned previously, this is possible through the dissociation of 

certain organic and inorganic salts in the organic liquid. 

Several different cell designs and techniques have been used for zeta potential 

measurement in non-aqueous systems. For electrophoresis, the most common cells 

are of a rectangular or prismatic design modeled after Parreira (1968). Constructed 

entirely of quartz, the cell contained small capillaries to equalize pressure and 

temperature differences in the cell. Nearly all subsequent investigators have used 

cells of the rectangular design. Another method for determining the mobility of 

particles suspended in media of low dielectric constant involves electrical plateout 

using a mass transfer type cell, Kennedy and Foissy (1977) used this method for 

beta-alumina particles and measured their mobilities as a function of the change in 

mass of the plateout cell (from migration of the charged particles into the cell), time, 

cell parameters, and the suspension concentration. Novotny (1981) and Novotny and 

Hair (1979), have reported the use of quasi-elastic light scattering and electrical 

plateout as a method for determining particle mobility. Mobility was determined 

from optical transients in the light scattering experiments and the concentration of 

charged particles (fraction present in the dispersion) was determined by weighing the 

mass of particles deposited during complete electrical plateout. 
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Two effects which may be observed during non-aqueous electrophoresis have 

been described by Novotny (1982): space charge conditions and 

electrohydrodynamics (EHD). The first effect describes the development of 

nonuniform, time varying electric fields in the system as a result of the separation of 

opposite polarity charges when an electric field is applied to the electrophoresis cell. 

A charge distribution is developed under these circumstances. In systems where the 

ionic concentration is sufficiently high, this situation is less prevalent. EHD is a 

phenomenom which occurs when ions moving in the fluid (under the influence of an 

electric field) drag fluid molecules and cause fluid motion, usually in the form of 

vortices. The resulting fluid motion affects the movement of the particles causing 

them to move in random directions, deviating from true electrophoretic motion. 

Obviously, it is desirable to perform electrophoresis without the space charge or EHD 

effects. However, as Novotny pointed out, high operating voltages are required to 

avoid space charge limitations but lower operating voltages are required to avoid 

EHD effects. Therefore, some intermediate operating voltage is desirable to limit the 

effects of both. 



CHAPTER THREE 

EXPERIMENTAL MATERIALS AND METHODS 

3.1. Materials 

Chromium(IV) oxide particles manufactured by Dupont (lot #L-2514) were 

studied in this investigation. The particles in this sample were mostly submicron in 

size, acicular in shape, and with an aspect ratio (length/diameter) of 10:1. TEM 

studies showed that the particle lengths varied between 0.6 and I fim. The surface 

area of the Cr02 was 22 per gram as determined by nitrogen gas adsorption. 

The particles were either used as received or dried at 120° C under vacuum (< 10"^ 

torr) for 24 hours. Dried samples were cooled under a helium atmosphere and 

immediately placed in solution for the desired experiment. 

Tetrahydrofuran (THF: 99.5 % min. THF, 0.05 % max. Furan, 0.03 % max. 

moisture, 0.015 % max. peroxide, 0.025 % inhibitor (butylated hydroxytoulene) ) was 

obtained from Quaker Chemicals. Molecular sieve 4A, manufactured by Davison 

Chemical, was used to dehydrate the THF. Other chemicals used include: sodium 

perchlorate (Alfa Products), cetyl tri-methyl ammonium bromide (Aldrich Chemical 

Co.), phosphatidylcholine (Avanti Polar Lipids), and lecithin (Yelkin brand. Ross & 

Rowe). 

3.2. Methods 

For measurement of electrophoretic mobility, 0.01 g of Cr02 was dispersed in 

100 ml of solution of a predetermined composition contained in a 125 ml Erlenmeyer 

flask (with a ground glass stopper). Dispersions were obtained by placing the flask 
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in an ultrasonic bath (Bandelin Electronics, model RK-106) for 15 seconds followed 

by conditioning on a wrist action shaker for the desired time. 

Electrophoretic mobility measurements were made using a Zetameter 

electrophoresis unit with a high voltage accessory. The electrophoresis cell was 

constructed of glass and Teflon with a 10 cm cylindrical path length. Potential 

gradients of 40 to 100 V/cm were applied across the cell between rod-shaped 

platinum-iridium electrodes using the high voltage booster. Zeta potentials were 

calculated from mobility measurements by using the following equation: 

$ - u [3], 
er eo 11 

where f is the zeta potential (V), q is the viscosity of the suspending medium, er is 

the relative dielectric constant (7.8), e0 is the permittivity of free space (1.1 x 10~12 

C V~I cm-'), E is the potential gradient (V/cm), and U is the electrophoretic mobility 

in cm/s per V/cm. The following assumptions have been made in using the above 

equation: 1) the particles were cylindrical in shape (as shown by TEM 

micrographs), 2) the orientation of the particles was considered to be with the axis 

perpendicular to the applied field, and 3), it was assumed that the radius of the 

cylindrical particles was smaller than the double layer thickness. These assumptions 

enabled use of the HUckel equation with an appropriate correction for cylinders 

oriented perpendicular to the applied electrical field. (Hunter, 1981) By substitution 

of the proper constants, Eq. [3] can be reduced to 

f = 1.46 x U x 106 mV [4]. 

when U is in fim/s per V/cm. 
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All reported electrophoretic mobilities are the average of at least three sample 

mobilities. The sample mobility is the average of at least five mobility measurements 

performed on each sample. The polarity of the electrophoresis cell was occasionally 

reversed to ensure that polarization was not occurring. 

A Fisher Scientific model 392 Karl Fischer Titrator was used to measure the 

water content of THF. When necessary, the water content of THF was varied by 

the addition of deionized and distilled water of 5.86 megaohm resistance. 

Conductivity of solutions was determined using the electrophoresis cell and the high 

voltage booster. The high voltage booster featured a built-in resistivity meter which 

could be calibrated based on physical parameters of the electrophoresis cell. 

Resistivities were measured and conductivities of the solutions were taken as the 

inverse of resistivity. 

Stability of dilute dispersions of Cr02 in various solutions was determined by 

monitoring the change in mean particle size with time using a Coulter Electronics N4 

submicron particle size analyzer. This instrument uses a photon correlation 

spectroscopic technique to determine the mean size of dispersed particles. CrC>2 was 

dispersed at a concentration of 0.01 g per 100 ml of solution by sonicating, as 

mentioned previously. 



CHAPTER FOUR 

EXPERIMENTAL RESULTS 

4.1. Effect of Lecithin 

As it was desired to determine the relationship between zeta potential of 

Cr02 and the stability of Cr02 slurries used in the manufacture of magnetic 

recording media, initial tests were performed to determine the mobility of CrOj in 

the presence of lecithin in THF. Lecithin, a natural product, is used as a dispersant 

in magnetic inks. Results, shown in Fig. 2, reveal the following rather complex 

relationships: 

1) CrC>2 is negatively charged over the region tested, 

2) mobility tends to decrease as lecithin concentration 
increases, and 

3) above approximately 0.1 wt. % lecithin, mobility 
tends to increase with conditioning time. 

These results are interesting, but difficult to explain in terms of charging 

mechanisms due to the variety of constituents present in commercial lecithin. Also, 

the lecithin concentrations used were based on the solvent weight rather than the 

particle weight. Therefore, the concentrations tested were approximately 2,000 or 

more times higher than those actually used in the manufacture of magnetic ink. 

Attempts to perform electrokinetic tests at the proper lecithin concentrations (3 % by 

weight of Cr02) were unsuccessful due to the low conductvity of the solutions. 

Having obtained inconclusive results using lecithin and knowing that the complex 

composition of lecithin would inhibit any meaningful interpretation of the data, it 

19 
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was decided to look at the mobility of Cr02 in solutions containing only one 

surfactant or simple solutes. 

4.2. Effect of Sodium Perchlorate (NaClC^) 

Attempts to measure the mobility of CrC>2 in pure THF were, not 

surprisingly, unsuccessful. Problems with the low conductivity of THF and thermal 

overturn in the electrophoresis cell plagued such measurements. Efforts to increase 

the conductivity of the THF using methanol were not successful either. It has been 

reported that the inorganic salt NaC104 is soluble in THF (Covington, 1973) and 

attempts at measuring mobility in THF solutions containing NaC104 were quite 

successful due to the increase in conductivity of the THF solution. Conductivity of 

a 10"4 fif NaC104 solution is nearly two orders of magnitude higher than that of the 

pure THF. Preliminary tests conducted to determine the effect of conditioning time 

on the electrophoretic characteristics in NaClC>4 indicated no significant variation in 

zeta potential with conditioning time. Hence, all subsequent samples were dispersed 

and conditioned for 20 minutes. Results of mobility measurements in NaC104 

solutions are presented in Fig. 3. The zeta potential of Cr02 in the presence of 

NaC104 in THF is positive and decreases as sodium perchlorate concentration 

increases. It is interesting to note that the decrease in zeta potential with increasing 

electrolyte concentration is similar to the trend that one would expect in aqueous 

systems. 

Figure 4 displays the results of stability measurements on dilute dispersions of 

Cr02 in THF solutions containing NaClC>4 using the submicron size analyzer. The 

growth rate at lower NaC104 concentrations is less than the growth rate at the 

higher concentrations; this indicates that the dispersion is more stable at lower 
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Figure 3. Zeta potential of CrOj in NaC104 solutions. 
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Figure 4. Stability of dilute CrC>2 suspensions as a function of NaCI04 concentration. 
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NaC104 concentrations. This result correlates well with electrophoresis results for 

this system, as a higher zeta potential at the solid/liquid interface imparts more 

stability to the dispersion via electrostatic forces. 

4.3. Effect of Phosphatidylcholine 

Due to the complex composition of lecithin, it was decided to investigate the 

effect of pure components of lecithin which appear to give lecithin its dispersing 

power. These components would be the phosphatides: phosphatidylcholine, 

phosphatidyl ethanolamine, and phosphatidyl inositol. Therefore, as a first step 

towards understanding the dispersing power of lecithin, the electrokinetic 

characteristics of OO2 in phosphatidylcholine solutions in THF were investigated. 

The molecular structure of phosphatidylcholine appears in Fig. 5. Results of zeta 

potential measurements from Fig. 6 show that Cr02 has a negative charge at high 

phosphatidylcholine concentrations and a positive charge at very low concentrations 

of phosphatidylcholine. The charge reversal observed occurred between 0.0002 and 

0.0003 g/I phosphatidylcholine. These concentrations correspond to 2 and 3 % by 

weight of the CrC>2 particles. 

Since the zeta potential gradually changes from +38 mV to -42 mV as 

phosphatidylcholine concentration is increased, the stability of OO2 dispersions in 

phosphatidylcholine solutions in THF was measured in an attempt to correlate 

stability to zeta potential results. If electrostatic forces are operative, the stability of 

these dispersions should exhibit a minimum near the PZR (point of zeta reversal). 

The results of the stability measurements at three different phosphatidylcholine 

concentrations, viz. 0.00002, 0.0002, and 0.001 g/1 phosphatidylcholine, are presented 

in Fig. 7. The rate of particle growth at a phosphatidylcholine concentration of 
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0.0002 g/1 is more than twice the growth rate at the two other concentrations. These 

results correlate well with the measured zeta potential values. 

4.4. Effect of Cetyl Tri-methyl Ammonium Bromide (CTAB) 

Having tested one component of lecithin with success, the next step was to try 

and model the functional groups of the phosphatidylcholine. Phosphatidylcholine 

contains two functional groups: a phosphate group, and a quaternary amine group. 

In order to better understand the interaction of the quarternary amine group of 

phosphatidylcholine and the Cr02 particle surface, CTAB was chosen as a model 

surfactant and the electrokinetic characteristics of Cr02 in CTAB solutions (in THF) 

were evaluated. Figure 8 reveals that as CTAB concentration is increased the zeta 

potential of CrC>2 reverses sign from positive to negative. In addition, conditioning 

time appears to have some influence on the CTAB concentration at which charge 

reversal occurs. 

The influence of sodium perchlorate present in CTAB solutions on the zeta 

potential of Cr02 is shown in Fig. 9. In these experiments, NaClC>4 concentration 

was held constant at 10"^ M while the CTAB concentration was varied. It is 

interesting to note that, in the presence of NaClCX;, CrC>2 remains positively charged 

over the entire range of CTAB concentrations studied; charge reversal does not 

occur. The magnitude of zeta potential seems to decrease slightly with conditioning 

time in the NaC104/CTAB solutions. 

4.5. Effect of Water 

As explained in section 2.2.2, water in the non-aqueous environment and on 

the solid surface can affect the interfacial electrical characteristics of hydrophillic 

oxides. To determine the role of water in the Cr02/THF system, electrokinetic and 
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dispersion stability measurements were made with both dried and undried Cr02 

particles in THF containing various water concentrations. Dried CrC>2 was prepared 

by drying the as received particles under vacuum (<10"2 torr) at 120° C for 24 hours 

and cooling to room temperature under a helium atmosphere. Even though drying at 

this temperature will only remove physisorbed water, due to the low Curie 

temperature of Cr02 (approximately 125° C) temperatures greater than 120° C were 

not used. In the electrokinetic studies, the water content of THF was varied 

between 30 and 4100 ppm, at a NaC104 concentration of 10~4 M. Results of zeta 

potential measurements, presented in Fig. 10, show that the dried Cr02 particles 

exhibit a maximum in zeta potential at approximately 2000 ppm water content in 

THF. Results of identical tests performed on un-dried Cr02» seen in Fig. 11, show 

that overall the zeta potential of un-dried CrC>2 is lower than that of the dried 

samples. In addition, a slight maximum was observed in zeta potential around 1200 

ppm water, though it was not as pronounced as the observed maximum for the dried 

sample. 

The growth rate of dilute suspensions of dried Cr02 particles in THF as a 

function of water content is displayed in Fig. 12. The growth rate of CrC>2 in THF 

containing approximately 1900 ppm water is less than the growth rate at 40 ppm, 

and much less than the growth rate at 19,000 ppm. A long term stability experiment 

was performed to compare dried and undried Cr02« The difference in stability 

between the two samples, displayed in Fig. 13, is quite startling. After a very small 

initial increase in average particle size, the dried CrC>2 maintained stability for well 

over two hours. The undried CrC>2 samples displayed a higher initial rate of growth 

than the dried sample, and after 12 minutes the growth rate increased at an 

infinitely fast pace when compared to the dried specimen. 
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Figure 10. Zeta potential of dried CrC>2 vs. water content of THF with 
10-4 fif NaCIC>4. 
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Figure 11. Zeta potential of undried CrC>2 vs. water content of THF with 

10"4 M NaC104. 
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Figure 13. Long term particle growth of dilute Cr02 suspensions. 
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In order to probe the role of water in THF further, the conductivity of 10~4 

M NaClC>4 solutions in THF was measured at different water concentrations. This 

type of data can be used for calculation of the ionic strength of solutions and 

determination of the electrical double layer thickness. It is easily discerned from 

Fig. 14 that the conductivity of these solutions increases with increasing water 

content and reaches a constant value at approximately 65,000 ppm water. The 

conductivity of the water used in the experiments and of an aqueous 10~4 M 

NaC104 is also indicated in Fig. 14 for comparison. The conductivity of the 

THF/NaC104 solution containing roughly 65,000 ppm H2O is 10"5*2 mhos cm"*, 

while the conductivity of 10*4 M NaClC>4 solution in H2O is 10"^-95 mho cm"'. 

Above 65,000 ppm water, the conductivity of the THF solution changes very slowly 

with the addition of more water and should approach the conductivity of the 

H20/NaC104 solution asymptotically. 
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CHAPTER FIVE 

DISCUSSION 

5.1. Effect of Lecithin 

Although electrokinetic tests performed using lecithin solutions exhibited 

definite trends, the complex nature of commercial lecithin makes it difficult to 

propose possible charging mechanisms. Results to be presented in section 5.3 will 

help elucidate the role of lecithin further. 

5.2. Effect of Sodium Perchlorate (NaC104) 

It appears that the there are two possible explanations for the observed 

positive zeta potential of Cr02 in THF/NaC104 solutions: I) preferential adsorption 

of Na+ ion or Na+/THF complexes, or 2) CrC>2 is positively charged in THF and the 

addition of NaClC>4 simply permits the measurement of the zeta potential. There 

also exists the possibility that both could be occuring. 

Concerning the first case, it has been documented in the literature (Hammonds 

and Day, 1969) through nuclear magnetic resonance (NMR) studies that THF forms a 

very stable 1:1 complex with sodium ions. The formation of such a complex implies 

that THF behaves as a Lewis base by promoting the dissociation of sodium 

perchlorate in the following manner: 

(THF) + NaClC>4 --> (THF)Na+ + C104" [5] 

where (THF) represents a single THF molecule and (THF)Na+ represents the 1:1 THF 

and Na+ complex. In addition, Hammonds and Day (1969) also reported that the 

(THF)Na+ ion could be further complexed by THF to form a 4:1 complex: 

38 
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(THF)4Na+. Therefore, the preferential adsorption of either THF/Na+ complexes or 

sodium cations from solution can account for the positive charge on CrC>2 particles 

in sodium perchlorate solutions in THF. A possible driving force for the preference 

of chromium dioxide for sodium cations over perchlorate anions could be the 

presence of interfacial water and the affinity of the sodium cations for this water. 

In addition, the relative size of the hydrated sodium and perchlorate ions could also 

play some role in promoting the preferential adsorption of sodium. For example, the 

hydrated radius of Na+ ions has been reported as 0.237 nm (Marcus, 1983), whereas 

a reasonable esimate for the radius of the hydrated 004", ion would be 

approximately 0.34 nm. 

From the results presented in section 4.2, it can be surmised that two 

competing effects may occur as NaClC>4 concentration is increased. First, an 

increase in the preferential adsorption of Na+ ions or complexes which should 

increase the surface charge. Second, as concentration increases, compression of the 

double layer (much as in an aqueous system) occurs which leads to a corresponding 

decrease in the zeta potential. These two competing effects would ideally lead to a 

maximum in the zeta potential as the NaC104 concentration is increased. From Fig. 

3, no such maximum is observed, but perhaps experiments at NaC104 concentrations 

less than 10"^ M would have revealed such a maximum. 

The second possibility, that Cr02 is positively charged in THF and NaC104 

simply allows measurement of the zeta potential, poses some interesting questions. 

First, Cr02 has been characterized as an acidic surface (Hudson and Raghavan, 

1986) by the adsorption of pyridine, a strong Lewis base. Second, THF, being a 

moderate Lewis base, should show some interaction with the Cr02 surface. If this 
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Lewis acid-base reaction occurs, one would expect OO2 to be negatively charged in 

THF as THF should inject electrons onto the Cr02 surface. However, the presence 

of water in the THF makes the situation much more complex; i.e. water on the 

surface of an inorganic oxide makes the surface more basic. Therefore, depending 

upon the pH of the interfacial water and assuming that the presence of the water 

dominates the charging mechanism, it is conceivable that Cr02 could be positively 

charged in THF. This possibility will also be discussed in the subsequent sections of 

this chapter. Obviously, more experimental work would be necessary to determine if 

the presence of water in the THF is dominant in determing the surface charge of 

Cr02 in THF rather than some sort of acid/base reaction with THF. 

5.3. Effect of Phosphatidylcholine 

Results of mobility experiments using phosphatidylcholine solutions in THF 

were very encouraging in that no electrolyte (NaC104) was needed to make 

repeatable measurements and in that a charge reversal was observed as 

phosphatidylcholine concentration was increased. From Fig. 5, one can note that a 

phospatidylcholine molecule can be either positively or negatively charged depending 

on the pH of any water present in the system; these are characteristics of a 

zwitterion. If one assumes that the pH of water in THF or at the interface between 

the Cr02 particles and solution is greater than the pKa of both the "phosphoric acid" 

and quarternary amine groups in the phosphatidylcholine molecule, the molecule will 

possess a net negative charge. As the Cr02 is positively charged at very low 

phosphatidylcholine concentrations, it appears that CrC>2 particles, in the absence of 

a surfactant, are positively charged in THF. Therefore, specific adsorption of the 

negatively charged phosphatidylcholine molecules would cause a decrease and 
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reversal in the surface charge. The conformation of the adsorbed molecule should 

be with the "phosphoric acid" group (refer to Fig. 5) of the phosphatidylcholine 

molecule oriented towards the particle surface. To further elucidate the charging 

mechanism, it would be very useful to somehow control the pH of water in the THF 

and study the adsorption of phosphatidylcholine onto Cr02 at different pH values 

from THF. 

It is interesting to note that the zeta potential of CrC>2 was negative at high 

concentrations of phosphatidylcholine and at all concentrations of lecithin in THF. 

(The weakest concentration of lecithin used corresponded to 8000 % by weight of the 

Cr02 compared to strongest phosphatidylcholine solution of 200 wt. % ). The 

correlation that exists between the electrokinetic results in the phosphatidylcholine 

and lecithin solutions perhaps indicates that the phosphatides do provide the 

dispersing power (i.e. provide particle charging through specific adsorption) of 

lecithin. More exhaustive studies would be necessary to support this hypothesis. 

5.4 Effect of Cetyl Tri-melhyl Ammonium Bromide (CTAB) 

The zeta potential of Cr02 particles in CTAB solutions in THF seems to be a 

function of CTAB concentration and the availability of Br~ anions in the solution. 

Conductivity measurements showed that the conductivity of a 10~4 M CTAB solution 

was comparable to a 10~5 M NaClC>4 solution in THF. At CTAB concentrations 

greater than 10"^ Mt the CrC>2 particles are characterized by a negative surface 

charge; below this concentration they are positively charged. /The negative charge 

at higher CTAB concentrations is thought to be due to the adsorption of Br" anions 

made available by the partial dissociation of ion pairs of the CTAB molecule. 

Bromide ions, being smaller than the associated positively charged organic chain. 
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should show higher affinity for the particle surface than the organic chain, especially 

in the presence of water. In addition, results from experiments with CTAB further 

support the contention that Cr02 is positively charged in THF in the absence of any 

species which might adsorb. 

In identical mobility tests performed in the presence of 10~4 M NaC104, 

CTAB was ineffective in reversing the surface charge from positive to negative. 

Assuming that Na+ ions show more affinity to the CrO2 surface and the interfacial 

water present than Br" ions, one would expect these results. The zeta potential of 

C1O2 remained positive over the entire range of CTAB concentrations tested, 

showing a decrease as CTAB concentration was increased (Fig. 9). Also, the possible 

formation of an Na+-Br" ion pairs could also compete with the adsorption of Br" 

ions. Compression of the double layer due to the increased presence of Br" anions at 

higher CTAB concentrations, and to a smaller extent the presence of CIO4" ions, as 

counterions can explain the observed decrease in zeta potential as CTAB 

concentration is increased. 

5.5 Effect of Water 

5.5.1 Dried Cr02: The water content of THF has a very interesting effect on 

the zeta potential of dried Cr02 particles. In a 10~4 M NaCI04 solution in THF, the 

zeta potential goes through a maximum around 2000 ppm H2O as the water content 

is increased (Fig. 10). As mentioned previously, Lyklema (1968) believes that water 

in organic systems will adsorb preferentially at the oxide/liquid interface rendering 

the particle surface more basic. Assuming preferential adsorption of Na+ is the 

operative charging mechanism, an increase in the amount of water at the interface 

should promote the adsorption of Na+ cations. The maximum in the zeta potential as 
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water content of the THF increases is probably caused by the increase in size of the 

hydrated layer around the particle; this allows the migration of negatively charged 

(CIO4-) counterions into the hydration layer, due in part to its large positive charge, 

which leads to a decrease in zeta potential. 

A more detailed explanation would be as follows. When the water content of 

the THF is very low, sodium cations can exist in several forms: as Na+, {THF)Na+, 

(THF)4Na+, or as an ion pair Na+-C104~. There is even evidence that a triple ion, 

NaC104'C104~, may exist (Strohmeir, et al., 1961). As the amount of water in the 

THF increases, more of the NaC104 and triple ion will become dissociated. 

Consequently, more sodium cations become available for adsorption and the zeta 

potential will increase. As the water concentration reaches a certain critical value, 

C104" counterions, being much smaller than the bulky NaC104*C104~ triple ion, may 

be able to get close to the surface and adsorb along with Na+ cations. Above the 

critical water concentration, it is this event which leads to the reduction in zeta 

potential. The net result of the above sequence of events would be compression of 

the double layer as a result of the increased ionic strength in the hydration layer. 

5.5.2 Undried Cr(>2: Identical electrokinetic tests were performed using 

CrC>2 in the as-received state, i.e. exposed to atmospheric moisture. Some variation 

in the zeta potential was observed as the water content of THF was varied. The 

zeta potential decreased as the water concentration was increased to approximately 

500 ppm. This decrease is followed by a curve similar to the dried Cr02 sample in 

that zeta potential increased and reached a maximum followed by a steady decrease. 

The maximum occured at a lower water concentration than for the dried sample 

(about 1000 ppm for the undried Cr02 versus about 2000 ppm for the dried Cr02) 
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and the relative change in zeta potential is very small. The observed maximum can 

be explained in the same manner as for the dried sample. The initial decrease in 

zeta potential could be caused by some sort of equilibration taking place between the 

water on the Cr02 surface and the THF. In other words, the THF might actually be 

stripping some of the water from the CrO2 surface until a certain water 

concentration is reached in the THF. In limited experiments performed using a flow 

microcalorimeter, C1O2 was equilibrated with THF containing approximately 1000 

ppm water. When the solvent was switched to THF containing roughly 15 ppm 

water, a marked endotherm was observed indicating that something was desorbing 

from the Cr02 surface. As no surfactants were present in the system, the desorbing 

species was most likely water. 

5.5.3 Conductivity Measurements: The results of conductivity measurements 

in Fig. 14 showed that the conductivity of a 10"4 M NaC104 solution in THF 

increased as water content was increased. Following the method of Fowkes and his 

co-workers (1982), ionic concentrations were calculated at different water 

concentrations using the conductivity values. Since the conductivity of the sodium 

perchlorate/THF solution attained a constant value at approximately 65,000 ppm 

water, it is assumed that the NaClC>4 reached a completely dissociated state at this 

water concentration. Any additional increase in conductivity would be due to an 

increase in the water content. Therefore, a diffusion coefficient for the Na+ and 

CIO4" ions may be calculated using the following equation and the conductivity at 

65,000 ppm water: 
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where or is the conductivity (mho cm"I), k is Boltzman's constant, T is temperature 

(Kelvin), e is the electronic charge, and n^ is the total number of ions per cm^ of 

solution. In this manner, a diffusion coefficient of 9.5 x 10"^ cm^/s was calculated 

for the ionic species in THF. Using this diffusion coefficient and rearranging eq. 

[6], n^ values may be calculated over the entire water concentration range. 

The relative dielectric constant of water/THF mixtures was represented as 

follows, 

£mix ° er, THF 0THF + er, H2O ^H20 

where 0 represents the volume fraction of THF or H2O. These values of er, the 

calculated diffusion coefficient, and n^ values are then used in eq. [8] to calculate 

the electrical double layer thickness surrounding each CrC>2 particle: 

1 
K 

imix '• k T X 10-7 A [8]. 

8 " e 2 T  

Table 2 presents results of calculations using equations [5], [6], and [8]. At a 

concentration of 1780 ppm water in THF, only 4.4% of the NaCl04 present is 

dissociated. The corresponding double layer thickness at this concentration is 445 A 

The values of 1/K in Table 2 are comparable to the particle radius, a (approximately 

300 to 500 It may be recalled that when calculating the zeta potential using eq. 

[3] it was assumed that the 1/K » a. Upon re-examining the correction applied to 

the zeta potential in eq. [3], i.e. J oc 6tt / F(«a). the value of F(«a) would still be very 

close to 0.75 at «a => 1.0. (Hunter, 1981) This is how the value of f oc 8;r was 

originally obtained. As the conductivity, hence ionic strength, of the various 

solutions used was typically less than the conductivty of 10~4 M NaCIC>4, the value 
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Table 2. Ionic concentrations and double layer thickness as a function 
of water content in a 10"4 M NaClC>4 solution in THF. 

H2O, ppm emjx nt, ions/cc %dissociated 1/ft, A 

30 7.35 2.73 x 1015 2.3 615 

300 7.37 2.98 x 1015 2.5 589 

840 7.41 3.90 x iois 3.3 517 

1780 7.48 5.31 x 1015 4.4 445 

3370 7.60 7.37 x 1015 6.1 381 

4100 7.65 8.56 x 1015 7.1 354 



47 

of Ka in the other solutions would be less than 1 or close to 1. Therfore, it will be 

assumed that eq. [3] is valid for all the solutions tested and zeta potential values will 

not be adjusted. (The inaccuracy this introduces into eq. [3], hence the {"-potential 

values, is very slight). 

5.6 Computation of Interaction Energy Between Cr02 Particles 

For the system of Cr02 particles dispersed in THF, there exist four potential 

energies of interaction between particles which must be addressed. These energies 

are as follows: 1) electrostatic, 2) steric, 3) van der Waals, and 4) magnetic. The 

first two are repulsive (positive) energies, while the latter two are attractive 

(negative) energies. 

5.6.1 Electrostatic: In general, the electrostatic energy of interaction between 

arbitrarily shaped, symmetrical particles may be represented by 

r co 

*el V! (H) dA [9]. 
H0 

In eq. [9], Vj represents a function describing the potential energy of interaction of 

two parallel, infinite, flat double layers, H represents the distance between the 

particle surfaces, H0 is the center to center distance between the particles, and dA 

describes the area over which the interaction occurs. Taking this basic equation, it 

is possible to derive an equation which describes the electrostatic energy of 

interaction for the double layers on two cylindrical particles oriented parallel to one 

another by following the method of Derjaguin (1934 and 1939). Derjaguin assumed 

that for spherical particles the total interaction energy of the double layers could be 

approximated by solving eq. [9]; dA was equated as infinitesimally small parallel 
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rings, each ring being considered a fiat plate. In a similar treatment, the interaction 

of double layers of cylindrical particles may be approximated by solving dA for 

infinitesimally small parallel strips or rectangles with each being considered a flat 

plate. The geometry used for this derivation is shown in Fig. 15 and details of the 

derivation may be found in Appendix B. 

Assuming constant potential surfaces and using the Debye-Huckel 

approximation, the potential energy of interaction of two cylindrical double layers, 

<&ej, can be expressed as follows: 

where H0 is the center to center distance between the particles, H is as described in 

Fig. 15, x2 is H - H0, a is the particle radius, L is the particle length, and p0 is the 

surface potential. In this study, a Romberg numerical integration procedure was 

used to evaluate the integral in eq. [10]. 

5.6.2 Steric: Steric repulsion is not likely to contribute to the stability of the 

dispersed particles studied in this investigation as the surfactants used were all 

relatively short-chained molecules (i.e. < 50 A chain-length). It has been reported 

that a surfactant/polymer chain-length of at least 70 A. is necessary to provide the 

system any steric stabilization (Sato and Ruch, 1980). 

5.6.3. Van der Waals: The contribution to the total potential energy of 

interaction from Van der Waals forces acting on two cylindrical particles can be 

expressed in the following manner (Verwey and Overbeek, 1948): 

+ 1 



Figure 15. Geometry of parallel, cylindrical particles for evaluation of potential energy 
of interaction. 
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X, A212 
*VDW - - "48" 

In eq. [II], A212 is the effective Haraaker constant where 2 indicates CrOj and 1 

indicates the dispersion medium. Values for A212 of 1 x 10~20 and 3 x 10~20 Joules 

were chosen for the stability calculations. 

5,6,4. Magnetic: CrC>2 particles, by virtue of their magnetic properties, are 

likely to experience attractive forces which would serve to de-stabilize a dispersion. 

In two recent papers, Kandori and co-workers (1984b and 1983) calculated the total 

interaction energy of acicular magnetic iron oxide particles suspended in cyclohexane 

by taking into account magnetic, as well as electrostatic and Van der Waals, 

interactions. Their calculations, based upon parallel interactions between cylindrical 

particles, show that the magnetic attractive energy may be represented by 

2 

$mag ° -

where a and H are as described previously, v is volume, and M is the magnetic 

moment (Gauss). Kandori used the saturation magnetic moment as the value of M, 

which is debatable for the following reason. As the dispersed particles should be 

randomly oriented, the net magnetic moment felt by any one particle at any point in 

time should be much less than the saturation magnetic moment. Using eq. [12], the 

calculated $mag of the Cr02/THF system is of such a magnitude that the magnetic 

attraction would totally dominate. It can easily be shown, using eq. [12], that 

equals -50,000 kT when kH0 is equal to 1. If this calculation were accurate, the 

possibility of obtaining a stable magnetic ink dispersion would be virtually 

[11]. 

H0 Ho 
2 2 

+ a 
H0 

•! 

M 
4 it [2a + H„]3 [12] 
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impossible, even though in actual practice stable dispersions are attainable. 

Therefore, owing to a lack of accurate data on the magnetic behaviour of Cr02 

particles in THF, the contribution of magnetic attraction has been omitted in this 

analysis. However, to more thoroughly examine the stability of the system, the 

contribution of magnetic attractive forces has to be considered. Research to 

elucidate these interactions is planned for the future. 

5.6.5. Total Energy of Interaction: For the calculation of total energy of 

interaction, eq. [10] and [11] were combined in a computer routine and analyzed as 

a function of the dimensionless separation distance (kH). A surface potential of 

70 mV and double layer thickness of 450 A. were assumed. Results of these 

calculations, presented in Fig. 16, show that it is possible to attain potential energy 

barriers ranging from 22 to 31 kT depending upon the value of Hamaker constant 

chosen. Hammaker constants greater than 3 x 10~20 J or surface potentials of less 

than 70 mV would further decrease the potential energy barrier. 

For comparison, values of electrostatic interaction energy were calculated 

using eq. [10] and the following analytical solution published by Kandori et al. 

(1983): 

e sr 

+ 2 
e[«H„ + 1] + , kH° + 

e«H„ + , 

+ 1.142e"KH° - 2e'[KH° ' 1] ] [13]. 
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Upon inspection it will be clear that the units for eq. [13] are in Joules/cm. Since it 

is customary to present the energy in Joules or Joules per unit area, values from eq. 

[13] were multiplied by the particle length to obtain comparable units. Calculations 

performed showed that the Kandori equation estimates slightly higher (i.e. less than 2 

kT) interaction energies than eq. [10] assuming that the proper correction was made. 
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Dimonsionless Separation Distance, /CH 

Figure 16. Total potential energy of interaction of CrC>2 particles in THF assuming 
parallel interactions and using equation [10]. 



CHAPTER SIX 

CONCLUSIONS 

1. Cr02 is positively charged in sodium perchlorate solutions with zeta potentials 

approaching 70 mV at 10~5 M NaC104 concentrations in THF. There exist two 

possibilities for the observed positive charge: 1) Na+ ions are adsorbing 

preferentially and cause the positive charge, or 2) Cr02 is positively charged in 

THF and NaCI04 simply permits the zeta potential measurement by increasing the 

ionic strength of the solution. 

2. In phospatidylcholine solutions, the zeta potential is reversed (from positive to 

negative) as phosphatidylcholine concentration is increased. It is believed that 

phosphatidylcholine, a zwitterion, is negatively charged in THF and the adsorption 

of negatively charged phosphatidylcholine molecules leads to the observed charge 

reversal. 

3. Cr02 in CTAB solutions goes through a similar charge reversal as the CTAB 

concentration is increased. Prefentiai adsorption of Br~ ions is believed to be the 

charging mechanism responsible for this reversal. In the presence of sodium 

perchlorate, no charge reversal was observed and is thought to be caused by a 

preference of the Cr02 surface for Na+ ions. 

4. As Cr02 was positively charged at very low concentrations of both 

phosphatidylcholine and CTAB, it appears that Cr02 is positively charged in THF 

in the absence of any surfactant or ionic species. 

5. The amount of water present in THF plays a significant role in determining the 

surface charge of dried Cr02- This indicates that by controlling the amount of 

54 
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water present in the THF solvent and drying the CrC>2 prior to wetting with THF, 

the zeta potential of CrC>2 could be optimized in a magnetic ink dispersion. 

6. Application of DLVO theory to the dispersions of OO2 in THF shows that 

potential energy barriers of up to 24 kT due to electrostatic interactions may be 

present. However, the omission of the magnetic contribution to the total 

interaction energy should not be ignored. As published equations seem to predict 

magnetic contributions that are unrealistically high, further work in the analysis 

of magnetic interactions merits consideration. 



APPENDIX A 

PHYSICAL PROPERTIES OF TETRAHYDROFURAN 

Property 

Molecular weight 

Boiling pi. (1 atm.) 

Freezing pt. 

Density, liq., 20° C 

Viscosity, 20° C 

Rel. dielectric constant, 20°C 

Conductivity, 25° C 

Dipole moment, 25 to 50° C 

Value 

72.108 

66° C 

-108.5°C 

0.888 g/ml 

0.48 cP 

7.54 

0.015 /imhos cm"1 

1.7 Debye units 

56 
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APPENDIX B 

INTERACTION ENERGY OF CYLINDRICAL PARTICLES 

Low Potential Approximation for Electrostatic Repulsion: 

It is desired to determine the potential energy of interaction between two 

cylindrical particles oriented parallel to each other. We will start with the following 

equation for arbitrarily shaped, symmetrical particles: 

r oo 

where Vj represents a function describing the potential energy of interaction of two 

parallel, infinite, flat double layers, H represents the distance between the particle 

surfaces. H0 is the center to center distance between the particles, and dA describes the 

area over which the interaction occurs. Equation [Bl] must be modified using the 

parameters seen in Fig. 15 in order to be valid for cylindrical particles. Since dA will 

be equal to 21dh for two parallel cylinders, eq. [Bl] becomes 

$el = Vi (H) dA 
JH0 

[Bl] 

[B2]. 

A general expression fo the function Vj is taken from Hogg et al. (1966): 

vj (H) = [ 1 - coth (kH) + csch (kH) ] [B3]. 

Refering back to Fig. 15. the following relationships can be developed: 

57 
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H -  H 0  
a - Va2 - h2 [B4], 

and by making the assumption that a » h, then 

H ~ Hi ^ h^ 
2 "a 

Therefore, adH = 2hdh 

and from eq. [B5], 

h = Ja(H - H0) 

By inserting [B6] and [B7] into [Bl], one obtains 

[B5J. 

[B6], 

[B7]. 

r oo 

Hn 

\/a 1 V\ (H) 

JHTK 
dH [B8]. 

Equation [B8] may be simplified by performing the following substitution. First, let 

which also lets 

It therefore follows that 

JH - H0 - x 

H = x2 + Hn 

2dx dh 

JhTH; 

[B9.a], 

[B9.b] 

[BIO]. 

Inserting [B9.b] into V] (H) gives Vj (x2 + Hq). And by inserting [BIO] into [B8], one 

derives a new expression for the potential energy of interaction due to electrostatic 

energy: 
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$ei = 2Va 1 
00 

Vj (x2 + H0) dx [Bll]. 

By combining eq. [Bll] with [B3], this may now be written as: 

Va 1 e K %2 f 00 

^ J t 1 ~ coth + kHo) + csch fax2 + kHo) ]dx [B12]. 

By making the appropriate substitutions, the integral portion of [B12] may also be 

written as 

[B13], 

where 0 - kx2 + kH0. Knowing that sinh (0) - cosh (0) = -e®, and that 

reQ _ e-0\ 
sinh (0) = -*—^ s the integral in [B13] may be rewritten as 

•J. 

OO 
dx 

0 eKx! + kH° +1 
[B14], 

Insertion of [B14] into [B12] gives the results for electrostatic energy of repulsion in a 

form which may be integrated numerically: 

*d 
•Ja. 1 £ K 4f0

z OO 
dx 

0 e**2 + kH° +1 
[BI5]. 

The units of eq. [B15] are in joules, and a Romberg integration technique was used for 

its evaluation. 



LIST OF REFERENCES 

H.A. Abramson, L.S. Moyer, and M.H. Goyer, "Electrophoresis of Proteins," 
pp. 20-26, Reinhold, New York, i942. 

A.K. Covington, in "Physical Chemistry of Organic Solvent Systems," 
A.K. Covington and T. Dickinson, eds„ Plenum Press, New York, 1973. 

B. Derjaguin, Kolloid-Z., 69 p. 155, (1934). 

B. Derjaguin, Acta physicochim., 10, p. 333, (1939). 

N. Derooy, P.L. De Bruyn, and J.T.G. Overbeek, J. Colloid Sci., 
75, no. 2, pp. 542-554. (1980). 

P. Dreyfuss, "Poly(Tetrahydrofuran)," pp. 5-15, Gordon and 
Breach Science Pub., New York, 1982. 

A.A. Foissy and G. Robert, Cer. Bull.,61, no. 2, pp. 251-255, (1982). 

R.M. Fouss, J. Am. Chem. Soc., 80, p. 5059, (1958). 

R.M. Fouss. Chem. Rev., 17, p. 27, (1935). 

F.M. Fowkes, H. Jinnai, M. Mostafa, F. Anderson, and R. Moore, 
in "Colloids and Surfaces in Reprographic Technology," 
M.L. Hair and M. Croucher, Editors, ACS Symposium Series No. 200, 
pp. 307-324, ACS, Washington, D.C., 1982. 

B. Gosse, T. Mechlia, A. Denat, and J.P. Gosse, J. Colloid Interface Sci., 
110, pp. 102-109, (1986). 

C. Hammonds and M. Day, J. Phys. Chem., 73, p. 1151, (1969). 

G.F. Hudson and S. Raghavan, Surfaces and Colloids, in press (1986). 

R.Jf. Hunter, "Zeta Potential in Colloid Science," pp. 59-120, 
Academic Press, Orlando, Florida, 1981. 

K. Kandori, K. Kon-no, and A. Kitahara, Nippon Kag. Kaishi, 
no. 7, pp. 963-971, (1983). 

K. Kandori, A. Kazama, K. Kon-no, and A. Kitahara, Bull. Chem. Soc. Jpn., 
57, pp. 1777-1783, (1984a). 

60 



K. Kandori, A. Kitahara, and K. Kon-no, J. Colloid Interface Sci., 
99, p. 455, (1984b). 

J.H. Kennedy and A.A. Foissy, J. Am. Chem. Soc., 60, no. 1-2, 
pp. 33-36, (1977). 

A. Kitahara, S. Karasawa, and H. Yamada, J. Colloid Interface Sci., 
25, p. 490, (1967). 

A. Kitahara, in "Electrical Phenomena at Interfaces," A. Kitahara, 
Editor, pp. 119-143, Marcel Decker, New York, 1984. 

H. Koelmans and J.Th.G. Overbeek, Disc. Faraday Soc., 18, 
pp. 52-63, (1954). 

C.A. Krauss and R.M. Fouss, J. Am. Chem. Soc., 55, p. 21, (1933). 

M.E. Labib and R. Williams, J. Colloid Interface Sci., 97, 
no. 2, pp. 356-366, (1984). 

V.K. La Mer and H.C. Downes, J. Am. Chem. Soc., 53, p. 888, (1931); 
55, p. 1840, (1933a). 

V.K. La Mer and H.C. Downes, Chem. Rev., 13, p. 47, (1933b). 

A. Lehninger, "Biochemistry," p. 195, Worth, New York, 1970. 

J. Lyklema, Adv. Colloid Interface Sci., 2, pp. 65-114, (1968). 

D. McGown, G.D. Parfitt, and E. Willis, J. Colloid Sci., 99, 
no. 2, p. 455, (1984). 

Y. Marcus, J. Sol. Chem., 12, p. 271, (1983). 

F.W. Meadus, I.E. Puddinglon, A.F. Sirianni, and B.D. Sparks, 
J. Colloid Interface Sci., 30, pp.46-53, (1969). 

F. Micale, Y. Lui, and A. Zettlemoyer, Disc. Faraday Soc., 42, 
p. 238, (1966). 

I.B. Moskovenko, E.D. Pigulevskii, and N.G. Semenova, Akust. Zh., 
8, p. 479, (1962). 

D.H. Napper, Sci. Prog., Oxf., 55, pp. 91-109, (1967). 

D.H. Napper and A.G. Parts, J. Polymer Sci., 61, p. 113, (1962). 

V. Novotny, Colloids and Surfaces, 2 pp. 373-385, (1981). 



V. Novotny and M.L. Hair, J. Colloid Interface Sci., 71, 
pp. 273-282, (1979). 

H. Olphen, "An Introduction to Clay Colloid Chemistry," 
Interscience, New York, 1963. 

G.D. Parfitt and J. Peacock, in "Surfaces and Colloid Science," 
E. Matijevic, Editor. 10, pp. 163-226, Plenum Press, 
New York, 1978. 

H.C. Parreira, J. Colloid Interface Sci., 29, pp. 432-438, (1969). 

R.J. Pugh, T. Matsunaga, and F.M. Fowkes, Colloids and Surfaces, 
7, pp. 183-207. (1983). 

L.A. Romo, J. Phys. Chem., 67, p. 386, (1963). 

T. Sato, J. Appl. Polymer Sci., 15, p. 1053, (1971). 

T. Sato and R. Ruch., "Stabilization of Colloidal Dispersions by Polymer 
Adsorption," Marcel Dekker, New York, 1980. 

J. Seto and T. Nagal, "Magnetic Recording Medium and Method of Preparing 
the Same," U.S. Patent #4,247,593, 1981. 

P. Sennett and J.P. Oliver, Ind. Eng. Chem., 57, p. 32, (1965). 

J.N. Shaw and R.H. Oltewill, Nature, Lond., 208, p. 681, (1965). 

V.W. Strohmeir, A.E. Mahgoub, and F. Gernert, Z. Elektrochem. Ber. 
Bunseges. Physik. Chem., 65, p. 85, (1961). 

L.E. Strong and C.A. Krauss, J. Am. Chem. Soc., p. 166, (1950). 

K. Tamaribuchi and M.L. Smith, J. Colloid Interface Sci., 22, 
p. 404, (1966). 

E. Verwey and J.Th.G. Overbeek, "Theory of Lyophobic Colloids," Elsevier, 
Amsterdam, 1948. 


