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ABSTRACT 

Studies to compare and elucidate some of the surface 

chemical characteristics of chromium dioxide and barium 

ferrite magnetic particles have been performed. These 

investigations primarily involved using the technique of 

flow microcalorimetry to look at the interaction of 

molecular probes (pyridine, 4-nitrophenol) and various 

components present in a magnetic ink (dispersants and model 

binder compounds) with the particles. The interactions were 

measured in terms of heats of adsorption and adsorption 

density. Ancillary experiments using FTIR and XPS were also 

performed. 

Both electrophoretic measurements and calorimetric 

studies showed that stabilized cro2 was less acidic than un

stabilized cro2 • Similar measurements showed that un-doped 

barium ferrite was more acidic than Co and Ti doped barium 

ferrite. The interactions of dispersants and model binder 

components with barium ferrite were found to be very 

exothermic; heats of interaction of greater than 

-20 kcaljmole were not uncommon. Subsequent analysis of 

barium ferrite particles treated with dispersants and binder 

compounds using FTIR and XPS suggested that these compounds 

formed chemical complexes on the surface of the ferrite 

particles. 
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INTRODUCTION 
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Since the beginning of recorded time, man has used a 

variety of methods by which to record information that he 

considered important. The stone tablets that Moses carried 

down from the mountain, papyrus scrolls of the ancient 

Egyptians, and bound books of vellum painstakingly prepared 

in medieval monasteries are all examples of methods by which 

information has been stored in an orderly fashion. We of 

the modern world are no different from our ancestors; we 

still require methods which enable us to store information 

so that it may be retrieved and utilized. 

Whereas our fundamental needs for information storage 

have not changed, the requirements of modern society have 

led to an increase in both the volume of information which 

can be stored as well as an increase in the speed by which 

it can be retrieved. Whether the information to be stored 

is in the form of music, bank records, or Ph.D. 

dissertations, technology has evolved which has met the 

requirements of modern society. The printing press 

eventually led to the typewriter, and the typewriter has 

since been transformed into the modern word processing 

system. The heart of modern word processing systems and 

computers in general is, of course, the semiconductor. 

However, the information processed or generated using a 

computer is not typically stored in a semiconducting device. 



17 

The storage media for computing systems have for the past 30 

to 40 years has been based on the technology of magnetic 

recording. The use of magnetic recording to store 

information, and the evolution of the recording media, ranks 

as one of the great achievements of the twentieth century. 

One of the first developments in magnetic recording was 

the imposition of the magnetic analog of an electrical 

signal in a length of metal wire. Limitations as to the 

strength of the output signal, signal resolution, and signal 

noise led to the development of magnetic recording as we 

know today. The requirements for magnetic media are that a 

single magnetic domain must exist within either discrete 

particles (particulate media) or crystallites (quasi

continuous media) and that the magnetic characteristics of 

the magnetic domain should be retained (remnant 

magnetization). Since the techniques for thin film 

processing (quasi-continuous media) were not very well 

developed at this time, roughly 1930 to 1950, the early 

developments in magnetic recording revolved around 

particulate media. 1 

Most of the early developments in particulate magnetic 

media where made using gamma ferric oxide ( -Fe20 3). This 

material still accounts for much of the commercial 

production of magnetic media today. However, in the last 

twenty years, much of the research and development effort 

concentrated on different materials which offered higher 
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coercivity, smaller particle size, more uniform particle 

shape, and/or higher magnetization. 2 Two of the newer 

generation of magnetic particles are chromium dioxide (Cr02 ) 

and barium ferrite (BaFe12o19). Both possess unique 

properties which make them attractive for different 

applications in the magnetic recording industry. The 

objective of this dissertation is to investigate and 

characterize the surface chemical ch~racteristics of Cr02 

and BaFe12o19 that are related to the manufacture of flexible 

magnetic recording media. The surface chemical properties 

of magnetic particles play a critical role in producing high 

quality, reliable recording media. Therefore, it is hoped 

that the material herein will give insight as to the 

relationships between the surface chemistry of magnetic 

particles and the preparation of magnetic recording media 

using Cr02 and BaFe120 19 • 
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CHAPTER TWO 

BACKGROUND 

2.1. MANUFACTURE OF PARTICULATE MAGNETIC MEDIA 

In order to understand the role of surface chemistry in 

the manufacture of particulate magnetic media, one should 

first be aware of the processing steps involved in its 

production. 

Similar to the paint industry, the first, and probably 

most critical, stage in the production of particulate 

magnetic recording media (PMRM) is the preparation of a 

concentrated dispersion of the magnetic particles (magnetic 

ink) . A list of typical magnetic ink components for 

cro2-based media is seen in Table 2.1. 1 

Table 2.1: Magnetic Ink Formulation for Chromium Dioxide 

Component wt. % val. ~ 0 

cro2 79.7 48.0 
Dry lecithin 3.1 9.0 
Polyurethane resin 13.65 33.25 
Butyl stearate 0.9 3.0 
Zinc stearate 0.2 0.6 
Isocynate hardener 2.4 6.0 
Stear amide 0.05 0.15 

Pigment/Binder Ratio = 3.9/1 
Pigment Volume Concentration = 48% 
Solvents: TH;:;" I MIBK, MEK, Toulene, and Cyclohexanone 
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The initial step in producing a dispersion is the 

wetting of the particles with the solvent system which also 

usually contains a dispersing agent. The solvents for 

magnetic inks are typically organic solvents with low 

boiling points: methyl ethyl ketone, methyl isobutyl 

ketone, tetrahydrofuran, cyclohexanone, toluene, etc. In 

order to control the evaporation rate of the solvent from 

the coated material, manufacturers use proprietary mixtures 

of these solvents. Dispersants typically have both 

hydrophilic and hydrophobic characteristics. For example, 

soybean lecithins, organic acid esters, quaternary ammonium 

salts, polyglycol ethers, and others have been or are 

currently being used. 2 The ink at this stage is typically 

40 to 50% solids by weight, and the dispersant is present at 

a concentration of 1 to 3% by weight of the particles. 

The milling step of the ink-making process is also 

critical. Great care is taken not to damage the individual 

particles. Therefore, grinding or milling is performed to 

such an extent that only agglomerated particles are 

separated; aggregate particles are normally filtered from 

the ink. The most popular milling device is the continuous

flow sand mill. 3 As seen in Fig. 2.1, the sand mill (or 

bead mill) is a long cylinder which is packed with either 

glass or metal beads. The size of the beads is normally 0.5 

to 2 mm, with the exact mill charge (ratio of bead sizes) 
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being proprietary information. A shearing force is applied 

to the ink as it passes through the mill by blades which 

rotate perpendicular to the axis of ink flow. The sand 

mills are normally connected in series, the number of which 

varies with different ink systems. 

When a satisfactory, ideally monodisperse, dispersion 

is achieved, the remainder of the components of the magnetic 

ink are added. These include the organic polymer binder, of 

which the most common are polyurethane elastomers, 4 

lubricants, anti-static agents, and non-magnetic fillers. 

This addition is usually made in the last sand mill to 

facilitate thorough mixing. A cross-linker, often a 

polyfunctional isocyanate compound, is added to the ink just 

prior to coating to improve the mechanical strength of the 

final coated film. 

The magnetic ink is coated onto a web of polyester 

(Mylar, for example) by several different methods. These 

are illustrated in Fig. 2.2. The magnetic particles, in the 

still ••wet" coating, are often oriented by using 

electromagnets to achieve the desired orientation in the 

finished product. For example, for longitudinal recording 

(magnetic tape) the particles are oriented with their long 

shape axis parallel to the length of the tape. For certain 

floppy disk applications, a totally rand?m or radially 

oriented configuration may be preferred. 



24 

Doctor blade 
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Coating roll 

(b) 

Backing roll 
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Preauro.fod nozzle 

(cl 
Coating ayatema: (a) gravure, (b) knife, and (c) revene roll coating. 

Figure 2.2: Coating systems for magnetic media. 4 
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Finally, the coated web is passed through a series of 

drying ovens to remove solvent and cure the binder system. 

This is followed by a calendaring operation to effect the 

desired surface finish. This means achieving a surface 

finish with valley-to-valley roughness of less than 0.1 um. 1 

The web of coated media is then slit and wound into 

cartridges or onto reels (tape), or diskette "cookies" are 

punched from the finished web and packaged. 

The remainder of this chapter will deal with the 

individual components of magnetic inks. In particular, the 

specific components which play a role in the investigation 

reported in this dissertation will be described in more 

detail. 

2.2. MAGNETIC PARTICLES 

~he specifications for particles used in PMRM limits 

the choice of materials to ferrites, chromium dioxide, and 

ferromagnetic metals (iron, cobalt, and nickel). 5 As 

mentioned in Chap. 1, particles of such materials need to be 

small enough to contain a single magnetic domain; the 

typical particle size is less than one micron. In addition, 

the shape of the particles needs to be fairly uniform. In 

the case of cro2 and ferric oxides, this means uniform 

acicular particles with a consistent aspect ratio. On the 

other hand, the family of barium ferrite particles are 
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hexagonal platelets. The particles should also have a high 

degree of magnetization per unit volume, and a coercivity 

(resistance to demagnetization) in the range attainable with 

modern magnetic recording heads (200 to 1000 Oe). 4 Finally, 

the last stipulation for magnetic particles relates to their 

chemical stability. The particles must be stable against 

decomposition when exposed to atmospheric moisture and the 

organic components in the magnetic ink. Having delineated 

the requirements for magnetic particles used in PMRM, what 

follows is a more detailed discussion of the two particles 

of interest in this investigation, Cr02 and BaFe12o 19 • 

2.2.1. Chromium Dioxide (Cr02 ) 

The introduction of chromium dioxide particles was a 

very important breakthrough in PMRM. The processes by which 

cro2 particles are manufactured lead to characteristics 

ideally suited for PMRM. Cr02 particles are typically 

perfect single crystals with a uniform, acicular shape, 

fairly constant in size, free of the pores associated with 

gamma ferric oxide, and can be made with nominally high 

coercivities (values of 650 Oe are easily attainable) . 6 

Figure 2.3 is an electron micrograph of cro2 particles, and 

clearly demonstrates some of the above mentioned properties. 

Chromium dioxide particles are normally 0.5 to 1 urn in 

length with an aspect ratio (length:diameter) of 10:1 to 
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15:1. The surface area of these particles can be varied 

from 20 up to 60 m2jg. 

The structure of cro2 has a rutile-type structure, as 

represented in Fig. 2. 4. 12 The ionic radius of cro2 was 

calculated to be 0.55 A with Cr being octahedrally 

coordinated by oxygen atoms. 
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cro2 is a synthetic compound which has been produced by 

a variety of methods, many of which are summarized by Bate. 7 

One method for the manufacture of cro2 powders is the 

hydrothermal decomposition of cror 8•
9 In this method, a 

mixture of chromic acid and water is heated to approximately 

450° c and subjected to pressures of up to 3000 atm for 5 to 

10 minutes. Cr02 is formed according to the following 

reaction: 

cro3 + heat + pressure --> cro2 + ~02 • 

It is also possible to prepare cro2 by the anhydrous 

decomposition of cro3 • 
10 Perhaps the most common method for 

cro2 manufacture is the oxidation/reduction of a cro3 and 

Cr2o 3 "paste": 11 

3Cr03 + cr2o3 + heat + pressure --> 5Cro2 + 02 • 

one of the early limitations in the use of cro2 

particles for PMRM was its chemical stability. It is known 

that cro2 will react with environmental (atmospheric) 

moisture andjor oxidizable binder components and 

disproportionate into non-magnetic products: 12 

3Cr02 + H20 --> 2CrOOH + H2Cr04 , 



andjorCr(IV) + Organic(red) --> Cr(III) + Organic(ox). 

This degradation has implications in the long term, or 

archival, storage of data, i.e. signal dropout, as well as 

environmental issues due to the toxicity of the Cr(VI) 

species. In order to combat this problem, a great deal of 

research has been carried out to develop suitable 

"stabilization" methods. 
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The most recently developed stabilization method for 

cro2 particles is a simple heat treatment in a non-oxidizing 

and non-reducing atmosphere at temperatures between 300 and 

390° c. 13 An in-depth study of this method concluded that: 

1) the treatment· removed both physisorbed and chemisorbed 

water from the oxide surface, 2) caused a decrease in the 

vicinal OH groups of Cr+4 due to condensation and the 

formation of bridging oxygens, and 3) led to the dehydration 

of ~-CrOOH. The last effect appeared to cause a small 

amoun~ of Cr+3 , probably in the form of Cr2o3 , to appear near 

the surface. 14 This treatment was also found to alter the 

magnetic properties less than previous stabilization 

methods. In addition, Cr02 particles treated by this method 

demonstrated superior stability when compared to cro2 

stabilized by other methods. 

The more traditional method for stabilizing cro2 

particles involves treating the surface of the particles 

with a reducing agent. 15 Examples of reducing agents 

include H2s gas, n-octanol, and aqueous solutions of sodium 



sulfite, with the latter the most prevalent. This method 

reportedly resulted in the formation of a substantial, 

meaning easily detected by X-ray diffraction, 

31 

layer of cr203 • This layer greatly reduces the rate of cro2 

disproportionating into non-magnetic products, but does not 

stop it entirely. 16 

A schematic model of the surface of cro2 used in this 

study appears in Fig. 2.5. Figure 2.5.a represents a 

"stabilized" surface, analogous to Cr2o31 with strongly 

bound and physically bound water. Fig. 2.5.b represents the 

surface of unstabilized Cro2 • Chemisorbed cr•6
, probably in 

the form of chromic acid, may also be present on the 

surface of the unstabilized cro2 • 

2.2.2. 

During the last decade, the trend in the magnetic media 

industry has been the production and evaluation of magne·tic 

particles suitable for high density recording. Chromium 

dioxide particles, discussed previously, clearly fall into 

this category. However, of particular interest is the 

production of particles in which recording perpendicularly 

is feasible as opposed to traditional longitudinal methods. 

such particles need to have the easy axis of magnetization 

perpendicular to the magnetic field exerted by the recording 

head. With this attribute in mind, hexagonally-shaped, 

magnetic ferrites (MFe12o 19 ) have been identified as 
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candidates for perpendicular recording applications in PMRM. 

The metal, M, incorporated into the ferrite is typically 

divalent Ba, Sr, or Pb. 

Historically, due to their very high coercivity, 

magnetic ferrites have been used for bulk permanent magnets, 

or their powders have been used as fillers in plastic or 

rubber sheets. 17 Ferrite powders produced via more 

traditional routes yielded products with large particles 

sizes, broad size distributions, and very high coercivities. 

Therefore, much of the research and development of magnetic 

ferrite particles has concentrated on altering these 

properties. In order to be useful for high density 

recording, ferrite particles of a much smaller size (0.2 urn 

or smaller), with a narrow size distribution, and of lower 

coercivity were needed. Modern technology has achieved 

these goals with excellent results. A major advantage of 

ferrite particles is that they show excellent resistance to 

oxidation/decomposition, very much unlike chromium dioxide 

particles. Modern manufacturing methods avoid sintering of 

the particles during production which aids in reducing the 

amount of milling necessary during media production. 

Fujiwara has published an excellent review of the 

characteristics of barium ferrite particles used in magnetic 

recording. 18 
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Figure 2.6: TEM micrograph of barium ferrite. 
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As already mentioned, ferrites normally have 

coercivities which are too high for use in magnetic 

recording. However, one of the qualities of ferrites is 

that their coercivity may be lowered substantially through 

the incorporation of +II and +IV transition metals which are 

substituted for a fraction of the iron present. This 

substitution leads to the formation of a MFe12• 2xXxYxo19 type 

compound, where X and Y are the divalent and quatravalent 

transition metals, respectively. As seen in Fig. 2.7, the 

coercivity may be drastically lowered, from values over 3000 

Oe to around 500 Oe, without any significant loss in 

magnetization. The lower coercivity values are necessary to 

make the particles compatible with modern recording head 

material. 

Hexagonal, plate-like particles of barium ferrite in a 

coated configuration are schematically shown in Fig. 2.8. 

Both tpe shape of the particles and the easy axis of 

magnetization leads to good packing densities suitable for 

high-density recording. 19 The advantage of using 

perpendicularly oriented barium ferrite in terms of signal 

modulation is illustrated in Fig. 2.9. The conventional 

floppy disk shown on the right in Fig. 2.9 uses acicular 

particles (Cro2 , Co-modified gamma ferric oxide, or metal) 

oriented longitudinally (i.e. in the direction of coating). 

Even for randomly oriented acicular particles, the signal 
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modulation represented in Fig. 2.9 would still be present, 

thereby demonstrating the superiority of barium ferrite 

coated media for perpendicular recording. 

37 

Currently, ferrite particles can be produced through a 

variety of methods. Very recently, a high temperature 

process for producing ferrite particles suitable for 

perpendicular recording has been disclosed. 20 The process 

involves vaporizing iron and either barium or strontium 

halide solutions to form a precursor vapor at temperatures 

below the melting point of the desired particles. When 

carried out in the presence of oxidizing vapor, it is 

believed that small iron 9Xide precipitates are formed, onto 

which the Ba or Sr oxides subsequently precipitate and 

diffuse into. The iron oxide precipitates first due to 

differenc~s in the vaporization and oxidation rate of the 

iron halide feed solution. Coercivity is controlled through 

the addition of transition metal halide solutions, and the 

particle size is regulated by quenching the precipitation 

reaction with either water vapor or air. Particles thus 

obtained are indeed discrete, i.e. not sintered, with a very 

narrow size distribution. Non-magnetic products are removed 

using aqueous wash solutions. 

A similar method which involves spray drying aqueous 

solutions of iron and barium to give a co-precipitated salt 

has also been reported. 21 These salts are then treated at 

elevated temperatures in air or inert gases and yielded 
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suitable products. Another method involves the hydrothermal 

treatment of gamma ferric oxide powders in the presence of 

nitrate, chloride, or hydroxide salts of Ba, Sr, or Pb. 22 

Both of these methods allow for coercivity control by 

substitution of transition metals for a small portion of the 

iron. 

One of the earlier methods involved an interesting bit 

of glass chemistry.n A glass composition of 0.265 B20 3 -

0.405 BaO - 0.33 Fe20 3 was formed by rapidly cooling a 

molten mixture of Baco3 , B{OH) 3 , and Fe2o3 between brass nip 

rollers. The resulting glass ribbon was then heat treated 

to allow the crystallization of the magnetic barium ferrite 

phase. The residual material, BaB204 and glass matrix, were 

easily leached to leave the particulate barium ferrite. The 

coercivity of the ferrite using this method was controlled 

through the addition of +II and +IV inorganic compounds to 

the melt.~ 

A more recent method demonstrated by Matijevic and co

workers at Clarkson University involved the use of oxygen

free solutions of KOH and KN03 (as an oxidizer).~ FeC12 was 

added to this solution, which caused the formation of Fe(II) 

hydroxide. BaC12 was then introduced and the suspension was 

placed in a furnace at 90° c for varying times. Hexagonal 

platelets of BaFe12o 19 were produced with ~ particle size in 

the range of 0.1 to 0.17 urn. However, the coercivity of 
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particles produced by this method was very low, in the range 

of 60 to 100 oe. 

2.3. DISPERSANTS 

The dispersants used in magnetic ink preparation, as in 

any dispersion-dependent process, belong to the class of 

chemical agents called surfactants. The specific 

interaction of a dispersant with a particular magnetic 

particle will depend upon the nature of the particle surface 

as well as the chemical characteristics of the dispersant. 

Surfactants tend to have dramatic effects on the 

surface tension of liquid systems, and are also involved in 

adsorption phenomena when solid particles are dispersed in a 

liquid environment. 26 An example of the first kind is the 

increased wetting of solid A by liquid B upon the 

introduction of a surfactant (hence the term wetting agent) 

into liquid B. This process is described by the following 

equation: 

SB/A = 'tA - ( ta + ~B) ' 

where S81A is the spreading coefficient of B on solid A, (s'A 

and t 8 are the surface tension of A and B, respectively, and 

iAs is the surface tension of the AB interface. The 

introduction of a surfactant will lower the surface tension 

of the liquid B, thereby increasing the spreading 

coefficient of B on A, i.e. increasing the wetting. The 
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wetting process for magnetic particles is very critical in 

obtaining a satisfactory ink. Therefore, solvents of low 

viscosity and which form a low contact angle are used. The 

particles may be dispersed in the solvent alone, with the 

solvent being able to break the weak bonds between the 

individual particles. 27 More often, though, the particles 

are initially dispersed in the solvent which already 

contains the surfactant/dispersant. The dispersant acts to 

lower the surface tension of the solvent and aid in the 

dispersion process by increasing the wetting of the solid 

particle surface as described above. 

The adsorption phenomena associated with surfactants is 

also important in systems where solid particles are to be 

uniformly suspended/dispersed in a liquid environment. The 

adsorption of dispersants onto solid particles (or colloids) 

can increase the stability of the suspended particles by 

steric or electrostatic mechanisms, or a combination of 

both. 28 It is generally believed that the dispersants used 

in magnetic ink preparation, being relatively short 

polymeric species, do not substantially increase the steric 

stability of the dispersed magnetic powders; a chain length 

of at least 70 Angstroms is necessary to achieve steric 

stabilization.~ Rather, through various acid-base 

reactions (Bronsted or Lewis} the dispersant induces or 

enhances the surface charge of the magnetic particles which 

leads to an increase in the stability of the dispersion. An 
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example of this is the effect of phosphatidylcholine, a 

component of the dispersant lecithin, on the zeta potential 

30 of cro2 • It was found that zeta potential of cro2 

particles, positive in sign in the absence of 

phosphatidylcholine, steadily decreased and became negative 

as the concentration of phosphatidylcholine was increased. 

The dispersants, used in magnetic ink preparation vary 

from manufacturer to manufacturer. They may be anionic, 

cationic or nonionic in nature, and normally exhibit both 

hydrophillic and hydrophobic characteristics. 1 For example, 

the hydrophilic group of lecj~hin, the phosphatide 

functionality, will interact with the inorganic surface of 

the magnetic particle. The hydrophilic portion of the 

dispersant is chosen to be compatible with the solvent 

system being used. The dispersants studied in this 

investigation were organic derivatives of phosphoric acid. 

2.4. BINDERS 

It is the binder system which really determines the 

final mechanical properties of the magnetic ink after it has 

been coated. The adhesion of the magnetic particles to the 

flexible substrate, some of the frictional properties, and 

the ability to slit cleanly are all controlled by properties 

of the binder used. 4 In order to attain the desired 

flexibility and toughness, often times a more brittle binder 



43 

(or resin) is blended with a more elastic one. Copolymers 

of vinyl chloride or vinylidene chloride, polyvinyl acetate 

resins, acrylate and methacrylate resins, combinations of 

polyether with the OH functionality of polyesters and 

polyisocynates, soluble polyurethane elastomers, epoxy and 

phenoxy resins, and polyamides are all common binders used 

in PMRM. 1 Therefore, an understanding of how the binder 

interacts with the surface of the magnetic particles is very 

important in the prcduction of PMRM. 

Of great interest in the past several years have been 

binder systems of the polyurethane family. 3 Early 

development of polyurethanes was carried out in Germany by 

Bayer and his co-workers, in response to the development of 

nylon by E.I. du Pont de Nemours and Co, in the late 

1930 1 s. 31 The first polyurethane elastomers were not 

developed, however, until 1950 using aromatic diisocyanates 

linked to high-molecular-weight glycols. 32 

The polyester-polyurethane block co-polymers used as 

binders for magnetic media and are a sub-class of the family 

of thermoplastic elastom'ers. 33 They are comprised of a low

melting-point (soft) segment connected to a higher-melting

point (hard) segment. The soft segment is typically a 

repeating series of ester or ether linked units of 

relatively short chain length. 34 The soft segment chain 

length will determine the elastic properties of the binder, 

i.e. the longer the chain the more elasticity observed, and 
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also aids in controlling the solubility of the polyurethane. 

The hard segment of the polyurethane is normally constructed 

from diisocyanates of much shorter chain length than-the 

soft segment. 33 This block normally influences the 

hardness, modulus, and flow temperature of the 

polyurethane. 35 Of importance, therefore, in the 

manufacture of magnetic recording media, is an understanding 

of the interaction of binder with the surface of the 

magnetic particles. One way to study this would be to 

investigate the interaction of the binder components, both 

the hard and soft segments, with the magnetic particles in 

question. such results are reported later in this work. 
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CHAPTER THREE 

LITERATURE nEVIEW 

3.1. INTER-PARTICLE FORCES AND DISPERSION STABILITY 
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It is the summation of interparticular forces which 

determine whether or not a dispersion of colloidal particles 

will remain dispersed/suspended in a liquid medium. For a 

system of magnetic particles, these forces are: 1) van der 

Waals (attractive), 2) electrostatic (repulsive), 3) steric 

(repulsive), and in the case of magnetic particles 

4) magnetic (repulsive or attractive). 

3.1.1. Van der Waals Forces 

Lyophobic, colloidal particles will always exert long 

range at.traction upon one another due to van der Waals 

forces. 1 Vander Waals forces between macroscopic particles 

are a summation of London, Debye, and Keesom forces of 

molecular origin. For cylindrical particles, such as cro2 , 

·the potential energy of interaction in vacuum due to vow 

forces is shown in Table 3.1. Similarily, the potential 

energy for platelike particles, i.e. barium ferrite, is 

also shown in Table 3.1. The medium (liquid) in which the 

particles are dispersed tends to weaken this attractive 

energy, and this effect is taken into account by using an 
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effective Hamaker constant/ A212 , where 2 refers to the 

particles separated by medium 1. This constant strongly 

depends on the nature of the liquid medium and the nature of 

the particle surface. Its value is typically 10" 21 to 10" 19 J 

at 298 K. The van der Waals attractive energy falls off 

with the 1.5 power of separation distance for spherical and 

cylindrical bodies, and with the square of separation 

distance for platelets. 

Table 3.1: Van der Waals Interactions 

Cylindrical: 

PEvdw = - (A212L/24b) (b/1)1.5 {1-l/b+(ln(l/b))/2rr} Joules 

Spherical: 

PEvdw ..., - (A212afl2n) { 1·2 + (J.+2o). 2 + (l+o)-2} Joules 

where A~12 = effective Hammaker constant, L = length, 
b = rad1us, 1 = surface to surface separation, a = cross-
sectional area, 0 = thickness 

3.1.2. Electrostatic Repulsion Forces 

One of the repulsive forces present in dispersions of 

colloidal particles is electrostatic in nature. Since like 

charges will repel one another, it is an important component 

when discussing dispersion stability. Charges on particles, 

at the solid/liquid interface, may arise from many different 

sources: 3 

1) preferential adsorption of ions, 

2) dissociation of surface groups, 
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3) isomorphic substitution, 

4) adsorption of polyelectrolytes, 

and 5) accumulation of electrons. 

The preferential adsorption of ions is probably the most 

common of these with the adsorption of H+ and oH· onto 

insoluble inorganic oxides being a good example. In 

addition, these charging mechanisms may apply to both 

aqueous and non-aqueous liquids. For Cr02 particles 

dispersed in organic liquids, the particles may have an 

intrinsic potential when dispersed, or the surface potential 

may be modified through the addition of dispersants. 4 

Regardless of how the surface charge is developed, its 

presence results in the formation of an electrical double 

layer. It is the interaction of the electrical double 

layers of individual particles which leads to electrostatic 

repulsion. The electrical double layer is a model of how 

charg~s (ions) are distributed from the surface region 

extending into the liquid medium in order to maintain charge 

neutrality in the system. Lyklema has published an 

excellent review of double layer theory. 5 

As mentioned, it is the interaction of the double 

layers of adjacent particles which leads to electrostatic 

repulsion. For two cylindrical particles, the potential 

energy of interaction (in Joules) due to electrical double 

layers has been represented in Table 3.2. 6 For platelike 

particles, the potential energy is also given in Table 3.2. 



Since is also a function n
0

, i.e. the double layer 

thickness decreases with increasing ionic strength, the 

potential energy of electrostatic repulsion decreases with 

increasing ionic strength. 

Table 3. 2: Electrostatic Repulsion 

Cylindrical 

00 
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PEel = UIC\& 
2 J «<>el • .Jb 7 [exp {1CX2 + lCD} + I ]-1 dx Joules 

0 

Platelets 

«<>eJ • 
64an0kT'Y0

2 

exp {-liC} 
PEel = I( Jjcm 

where L= length, b = radius, 1 = surface to surface 
separation, D = center to center separation, a = cross-
sectional area, f 

0 
= surface potential, ~ = inverse 

double layer thickness, X= (0-1) 0
·
5

, n
0 

= # ionsjcc, 
k = Boltzman's constant 

3.1.3. steric Repulsion 

Stabilization of dispersed colloids by steric repulsion 

is achieved when an adsorbed polymeric layer on the particle 

surface prevents the host particle from flocculating. The 

best steric stabilizers are amphipathic in nature, having 

both hydrophilic and hydrophobic functionalities. 7 In 

organic solvents, the hydrophilic portion of the polymer 

serves as an anchor for the molecule on inorganic particles 

as it is strongly adsorbed or chemically bound to the 
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particle surface. The stabilization mechanism is due to the 

interaction of the adsorbed/anchored polymer chains with the 

solvent or with adsorbed molecules on adjacent particles. 

As illustrated in Fig. 3.1, these interactions can be either 

entropic or enthalpic in nature, and are explained in more 

detail in the following text. 

The origins of steric stabilization may be derived from 

free volume theories of polymer solution thermodynamics. 8 

The three effects which are responsible for steric 

stabilization are as follows: 

1) Combinatorial effects which arise from the entropy 

of mixing of the adsorbed polymer chains with the 

solvent. 

2) Free volume, or 'equation-of-state•, contributions 

which have both enthalpic or entropic properties. 

These forces come about due to dissimilarities in the 

volumes of the anchored polymer segments and the 

minimolecules of the solvent. In organic media, the 

entropic properties usually dominate. 

3) Contact dissimilarity contributions, which may be 

entropic and/or enthalpic in nature. The entropic 

contributions for interactions of this type in organic 

media are very small. 

An illustration depicting a physical description of steric 

repulsion is seen in Fig. 3.2. In Fig. 3.2.a., a pair of 

particles sterically stabilized through the interaction of 
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attached polymeric species is shown. Particles may also be 

stabilized by the presence of polymeric macromolecules which 

prevent the particles from approaching each other and 

agglomerating, as shown in Fig. 3.2.b. This is known as 

depletion stabilization due to non-adsorbed species. 

3.1.4. Magnetic Interactions 

By virtue of their magnetic nature, a dispersion of 

magnetic particles may experience both attractive and 

repulsive forces due to th.e interaction of their magnetic 

fields with adjacent particles. These interactions have 

been analyzed for the system of acicular magnetic iron oxide 

particles suspended in cyclohe:;,:ane. 9•
10 The magnetic 

interactions between two cylindrical particles and for two 

plate-like particles are shown in Table 3.3. 
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Table 3. 3: Magnetic Interactions 

Cylindrical: 

41mag •- 4 M2 os {2cos a cos {3 - sin a sin {l} Joules 
1rJlo 

Platelets: 
M2 

41mag • - 41TJloD' Joules 

where M = magnetic moment in Webersjm2
, ~o = permitivity 

in Webers-amperesjm, D = center to center separation, 
Q = angle formed by cylinder 1 with some reference plane, 
f3 = angle formed by cylinder 2 with some reference plane 

3.1.5. Total Interaction Energy 

A potential energy diagram which represents the total 

interaction energy ·for a colloidal system of magnetic 

particles is shown in Fig. 3.3 11 In the case of 

~lectrostatic repulsion, the summation of attractive and 

repulsive energies results in a potential energy barrier 

which the particles must overcome in order to agglomerate. 

This barrier is typically of the order of a few to 100 kT 

units, with 15 to 20 kT being the minimum for a stable 

dispersion. 3 Fig. 3.3 also includes the steric component of 

repulsion and shows a potential energy "wall" due to an 

adsorbed polymer. This "wall" can be thought of as a 

physical barrier due to the interaction of the adsorbed 

polymer chains. Calculations involving magnetic particles 
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with geometries similar to those studied in this work will 

be presented later. 
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In magnetic inks, the initial stabilization should be 

electrostatic in nature since the dispersant compounds 

typically used do not afford substantial steric properties. 

Upon introduction of the binder, however, the stabilization 

mode probably switches to one that is steric in nature. One 

of the questions to be addressed in this study is whether 

the binder can displace the adsorbed dispersant from the 

particle surface. If not, the stabilization mechanism may 

be both electrostatic and steric. 

3.2. ELECTROPHORESIS AND ZETA POTENTIAL 

As covered in Chap. 2, particles that are immersed in 

liquid have a tendancy to become charged via various 

mechanisms. Knowledge of the magnitude of the surface 

charge is critical in determining the amount of 

electrostatic stabilization that is present in the system. 

The zeta potential is an experimentally derived value which 

closely approximates the electrical potential very near a 

particle's surface. It is one of the best estimates of the 

surface charge for colloidal particles available to 

scientists. 12 

It is the arrangement of charges near the solid surface 

and in the bulk of the suspending liquid, i.e. the 
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electrical double layer, which permits the measurement of 

the zeta potential. When the solid or the liquid phase of a 

colloidal system is caused to move tangentially past the 

other, it is possible to measure a potential due to 

electrokinetic effects. There exist four unique 

electrokinetic effects, and each effect depends on how the 

movement of solid or liquid phases is induced. 11 

One of these electrokinetic effects, and the one used 

in this investigation, is called electrophoresis. During 

electrophoresis, charged particles suspended in a liquid are 

caused to migrate under the influence of an electrical 

field. By measuring the particle velocity in the field, 

their net electrical charge can be deduced and their 

potential with respect to the bulk suspending liquid (the 

bulk value usually taken as zero) can be determined. 

Important information about the surface acid/base 

characteristics of an inorganic oxide can be determined by 

making electrophoretic measurements in aqueous solutions as 

a function of pH. In this case, the hydrogen ion acts as 

the potential determining ion in the system. The iso

electric point (IEP), the pH at which the su~pended 

particles exhibit no electrophoretic mobility, is an 

important parameter in making relative comparisons, e.g. is 

a surface acidic (low IEP) or basic (high IEP). The effect 

of surfactants on the zeta potential may also be studied 

using electrophoresis. 
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In non-aqueous systems, electrophoretic methods are 

also commonly used to determine zeta potentials. However, 

charging mechanisms are typically less well understood and 

more complicated than in aqueous environments. For example, 

the presence of small amounts of water, surfactants, and 

often even the solvent itself all play a role in 

establishing the surface charge. In addition to Bronsted 

acid/base reactions, Lewis acid/base chemistry is very 

important in non-aqueous mediums. 

3.3. FLOW MICROCALORIMETRY 

Many important characteristics of the surface chemical 

nature of inorganic particles may be evaluated using the 

technique of flow microcalorimetry (FMC) . The relative 

acidity or basicity of a particle surface and the heats of 

interaction of specific chemical compounds are examples of 

the type of information which is attainable using FMC. 

Using this technique, it is possible to determine the molar 

heat of adsorption and adsorption density for various 

solutes on different particles. 

3.3.1. Historical Development 

The technique of flow microcalorimetry evolved from the 

search for a detector that could determine changes in liquid 

composition in liquid-solid chromatography. Common methods 

at the time (1940's and 1950's) were to continuously monitor 
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the column effluent for changes in refractive index, 13 

conductivity, 14 dielectric constant, 15 pH, 16 or absorption of 

light. 17 However, it was felt 18 that many of these methods 

(at the time) involved costly or complicated equipment and 

were therefore driving forces for the development of a new 

detector. 

The pioneering work in flow microcalorimetry was 

performed by A. Groszek 19
•
20 and G. Claxton 19 at Benz ole 

Producers Limited in Great Britain. The idea behind their 

detector was that the adsorption of gases, liquids, or 

solutes on the surfaces of solids is accompanied by the 

evolution of heat due to a decrease in the free energy of 

the system. Using this idea, they designed a device (Fig. 

3.4) which was capable of detecting the bands of a sample 

(having already undergone separation) as they passed a 

detection point near the end of a chromatographic column. 

Both the column and detector bed were comprised of the same 

type of silica gel and packed as identically as possible. 

The detector operated under the following simple 

principles. First, the sample was allowed to adsorb on the 

silica gel in the column. A displacer was then allowed to 

flow through the column which permitted differential 

migration of the analyte species. As the band(s) of sample 

passed the thermocouple junction (A), the local temperature 

would rise due to the adsorption of the analyte species onto 

the silica gel. As the end of the analyte band passed the 



junction, the local temperature would decrease due to the 

desorption of the same species. It was also demonstrated 

that the detector could be used on ion exchange columns if 

the detector was filled with ion exchange resin. 
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The instrument was further refined and used in the 

study the preferential heats of sorption (adsorption) . 20 

This application can be considered the birth of the flow 

microcalorimeter in that the bed material was not used to 

separate solutes from a flowing stream, but rather to 

elucidate the extent of the solute interaction with the bed 

material. In order to perform these types of measurements, 

the size of the detector bed was sharply reduced and the 

change in temperature of a known amount of bed material was 

measured as solute species either adsorbed or desorbed from 

its surface. Calibration was performed by passing current 

through a coil of Nichrome wire inserted into the bed and 

measuring the temperature response. In this manner, it was 

possible to quantify the extent of interaction a solute had 

with the bed material. 

3.3.2. Theoretical Considerations 

During an adsorption process, the observed heat effects 

are due to a change in the free energy of a solute molecule 

when it "exchanges environments. 1120 In other words, there 

is a corresponding decrease in free energy of a solvated 

molecule when it adsorbs onto a solid surface. For example, 
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suppose one has a solid surface that is in equilibrium with 

a flowing stream of solvent. If a solution containing 

solute molecules in the same solvent replaces the pure 

solvent, the free energy changes will brought about by the 

following: 1) the adsorption of solute, 2) the desorption 

of solvent, 3) a decrease in the concentration of solute in 

solution, and 4) an increase in the concentration of solvent 

in the solution. The contributions from the adsorption of 

solute to the total change in free energy will tend to 

dominate, especially if the solvent is neutral with respect 

to the solid surface. Entropic contributions to the free 

energy are typically very small, unless the solvent molecule 

undergoes a large conformational change upon adsorption. 

Therefore, the enthalpic heat change measured during a FMC 

experiment will be very close to the total change in free 

energy. 

3. 3. 3. Instrumentation 

The FMC is an adiabatic-type calorimeter, i.e. the flow 

of heat to and from the cell is minimized/eliminated. The 

thermal effects of adsorption, desorption, wetting, etc., 

are measured by the temperature change in the sample cell 

using thermistors, 21 thermocouples, 19 or thermopiles. 22 The 

sensors are typically arranged in some sort of balancing 

circuit (Wheatstone bridge) and are capable of detecting 

temperature changes as small as 10·5 0c. 23 
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The FMC is well suited for the analysis of gasjsolid24 

and liquidjsolid20 adsorption processes which attain 

equilibrium quickly due to the rapid response of the sensor 

systems. This rapid response is one of the chief advantages 

FMC offers over most batch-type calorimeters. For example, 

the response time for a currently available FMC instrument 

is approximately 1-3 s using a flow rate of 3 ml/h. 24 In 

comparison, an isothermal, batch-type calorimeter has a 

response time of 200 to 400 s, depending on the volume 

used. 25 In addition, FMC offers advantages over batch-type 

calorimeters in that the heat events are recorded as a 

function of time (dynamic), not the summed total for a given 

interaction. Therefore, both exothermic and endothermic 

events are normally distinguishable: particularly in the 

pulse mode. 

Figure 3.5 is a schematic diagram of the Microscal 3V 

flow microcalorimeter, 26 the same instrument used for the 

studies reported in this dissertation. In this diagram, one 

can see the placement of both the reference and measuring 

thermistors of the sensor system with respect to the sample 

bed. The sample bed is retained in the cell by a +500 mesh 

screen on the lower connector. Solvent or solution enters 

the cell through the upper connector via Teflon tubing. 

Many instruments use syringe pumps equipped with gas-tight 

glass/Teflon syringes to supply the fluid flow, while some 
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make use of pumping systems developed for HPLC. Effluent 

from the sample chamber may be directed through a refractive 

index or UV detector for determining changes in the solute 

concentration. This information is used to determine the 

amount of solute adsorbed during an experiment. In 

combination with the heat of adsorption data, this 

information is used to calculate the molar heat of 

adsorption of a specific solute onto a specific solid 

surface. In addition to studies using solid samples, the 

FMC may be modified to determine the heat of mixing of two 

solvents or the heat of reaction of two solute species in 

the same solvent. 26 This is accomplished using a mixing 

attachment which allows two flowing streams to enter the 

cell chamber simultaneously. 

3.4. EXAMPLES OF FLOW MICROCALORIMETRY INVESTIGATIONS 

The use of flow microcaloriemtry can be grouped 

according to the type of information which is being sought. 

For example, much of the earliest work using FMC dea~t with 

using the instrument for surface area determination. 

Therefore, the literature survey of FMC results will be 

broken into three sections: 1) surface area determination, 

2) surface chemical nature, and 3) specific interactions. 
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3.4.1. Surface Area Determination by FMC 

The technique of flow microcalorimetry can be used to 

determine the surface area of particulate samples assuming 

two criteria are met: 27 1) that a close-packed monolayer is 

formed when a polar solute is adsorbed from a neutral 

solvent, and 2) that the integral heat of preferential 

adsorption of the solute is the same for different solid 

surfaces investigated. This last stipulation implies that 

the solute must only physically adsorb on the solid surface. 

Most work involving surface area determination has been 

performed using solutions of n-butanol in n-heptane, in 

which case the solute interaction with the surface is 

assumed to be hydrogen bonding. The surface area is 

d~termined in this method by first measuring the heat of 

adsorption on a sample of known area and calculating a 

calibration "constant" (m2jcal). Then, the heat of 

adsorption for unknown samples is measured (cal/g) and 

multiplied by this "constant" to obtain the surface area 

(m2/g). Some results from the literature are tabulat.ed 

below. 28 



Table 3. 4: Specific Surface Area by FMC 

Ref. Solid FMC, m2/g BET, m2/g 

26 Si02 3.4 3.1 ( 1) 
Fe203 2.1 2.1 (1) 
cuo 0.11 0.17 (2) 
ZnO 0.07 0.10 (2) 
Iron 0.08 0.10 (3) 

28 Ti02 14.8 14.74 (1) 
cuo 12.0 10.65 (1) 
Si(N03)2 10.2 9.4 (1) 

20 Ti02 13.8 -
Notes: ( 1) N2 (2) Kr ( 3) He adsorbant 

-While some of the values in Table 3.4 show excellent 

agreement with BET results, others have found that surface 

area determination by FMC is very sensitive to adsorbed 

water on the solid sample. 29 In the presence of adsorbed 

68 

moisture, the FMC technique was found to give surface areas 

much higher than the BET method. By drying the samples, 

"rail rust and debris" (iron oxides), and outgassing the FMC 

before n-butanol adsorption, the measured surface areas were 

found to be much more in agreement with the BET values. 

It should also be mentioned that FMC may be useq to 

determine the "available" surface area. Due to geometrical 

consideration, the adsorption of large molecules may not 

occur over the entire surface area; portions of the surface 

may be inaccessable since the large adsorbant molecules may 

block off adsorption sites. This would be important when 



determining solution concentrations to provide adequate 

coverage when using polymer-like solutes. 

3.4.2. Surface Chemical Nature Using FMC 
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In order to understand specific solutejsurface 

interactions, it is critical to first have an appreciation 

for the fundamental nature of the solid surface being 

investigated. These type of studies emphasize the acidjbase 

nature of surfaces and rely on probe molecules to delineate 

the surface chemical nature of the sample. 

A major proponent of these type of studies has been 

F. Fowkes at Lehigh University, where the adsorption of 

acidic and.basic probe molecules from neutral solvents on 

various inorganic powders has been studied. For example, 

Fowkes et al. 30 investigated the adsorption of pyridine and 

triethyl amine from cyclohexane on Fe304 and a-Fe2o3 at 

different temperatures using FMC. Their data were fitted to 

the Langmuir adsorption equation and from the value of the 

Langmuir constant at different temperatures they calculated 

the isoteric heat of adsorption. For the adsorption of 

pyridine on Fe3o4 , they calculated a heat of adsorption of 

-8.8 kcaljmole and a cross-sectional area of 87 A2 for the 

adsorbed pyridine molecule. They interpreted the heats of 

adsorption as acid-base interactions predictable by the 

Drago31 equation. 
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The Drago equation is used to characterize the strength 

of Lewis acid-base reactions and is written as follows: 

-AH = EAEB + CACB, 

where A and 8 indicate the acceptor and donor species, 

respectively, E is the electrostatic contribution to the 

reaction, and c is the covalent contribution to the 

reaction. It is believed that the E and c terms in the 

Drago equation reflect the relative acceptor and donor 

strengths for both acids and bases. 32 Drago coefficients 

are ranked using iodine (Lewis acid) as a base value, i.e. 

CA and EA of iodine both equal to unity. For comparison, C8 

and E8 of pyridine (Lewis base) are 6.40 and 1.17, 

respectively, while CA and EA of phenol (Lewis acid) are 

0.442 and 4.33, respectively. 

In a similar study, a detailed investigation of the 

distribution of molar heats of adsorption of nitrogen and 

oxygen bases from neutral hydrocarbon solvents on a-Fe2o3 

was reported. 33 A uv concentration detector was used in 

series with a FMC unit. The distribution of molar heats as 

a function of surface coverage was determined by "time-

slicing" the heat and adsorption data. At a pyridine 

concentration of 3.36 roM, the molar heat of adsorption 

ranged between -12.8 and -9.1 kcaljmole. 

In her dissertation, 34 Joslin studied the adsorption of 

pyridine from three neutral solvents on a-Fe2o3 at 40 °C. 

a pyridine concentration of 30 roM in cyclohexane, she 

At 
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measured a molar heat of adsorption of -6.5 kcalfmole and an 

average area per adsorbed molecule of 45.5 A2 • Further, h~: 

experimental data indicated that small changes in the water 

content of the solvent had little effect on the heat of 

adsorption if the solid had been held under vacuum for a 

short time prior to wetting with the solvent. She concluded 

from her studies that pyridine interacted with "strongly 

bound, physically adsorbed water" on the particle surface. 

The adsorption of poly(2-vinyl pyridine) was also studied. 

It was found that the heat of adsorption per repeating unit 

of the polymer was -5.7 kcalfmole, which was reasonably 

close to the value reported for pyridine. 

The technique of FMC has been utilized by Andrews to 

characterize passivated iron particles. 35 In that study, 

the adsorption of pyridine and tri-ethyl amine on the iron 

particles was measured. It was found that the adsorption 

data fit the assumptions of the Freundlich isotherm. Drago 

constants for the iron particles were also calculated and it 

was determined that the acid-base interactions of the 

particle surface were mainly electrostatic in nature •. 

FMC has also been widely used to study the chemical 

nature of silica surfaces. For example, the heat of 

adsorption of benzene from cyclohexane solutions has been 

reported as a function of heat treatment temperatures used 

in processing silica gel. 36 It was found that the heat of 

adsorption could be related to the silane! functionality 



present on the silica surface. The adsorption of benzene 

from a saturated aqueous solutions on silica gel, used in 

gas chromatography, and on reverse phase bonded silica end 

capped with methyl groups has also been reported. 37 
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It is also possible to study gas-solid reactions using 

FMC. One such example was the investigation of C02 

adsorption from N2 gas on a-Al203, gasil- and degussa

silica.23 The investigators found good agreement with 

previously published data using other experimental 

techniques for determining the heat of adsorption from the 

gas phase. 

3.4.3. Specific Interactions Using FMC 

The technique of FMC lends itself very well to the 

study of specific solute/solid interactions of industrial 

importance. In these cases, the fundamental information 

about the surface chemical nature of the solid surface has 

already been elucidated, and information about specific 

interactions is desired. For example, the heats of 

adsorption of sodium dodecylsulfate {anionic), 

decyltrimethyl ammonium bromide {cationic), and Triton X-100 

{non-ionic) surfactants on silica, magnesia silica, and 

alumina have published by Noll.~ 

A group of French researchers also investigated the 

adsorption of Triton X-100 on silica in the scope of 

tertiary oil recovery. 39 Their experiments brought out some 
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interesting relationships between adsorption and micelle 

formation. For example, they found the expected exothermic 

interaction at a surfactant concentration of 1. 6 x 10"3 M· 

However, when pure solvent was pumped through the bed to 

study desorption effects, another exothermic peak was 

recorded. They also noted that adsorption from solutions 

near the CMC was athermal. Endothermic effects were only 

observed when measuring the differential heat of adsorption 

by increasing the solution strength step-wise. The cited 

reasons for this interesting data were as follows: 1) at 

low coverage the main interaction was between surfactant and 

solid, 2) at higher coverages, lateral interactions between 

adsorbed surfactant molecules became important which, 

similar to micelle formation, are known to be endothermic in 

nature, and 3) near the CMC, it was believed that adsorption 

was athermal due to the offsetting nature of effect (1) and 

( 2) • 

In the lubrication industry, FMC has been successfully 

used to elucidate the role of water in the adsorption of 

lubrication oil base stocks onto ferric oxide. 40 It was 

determined that water present in the lubricating oil, though 

present at less than 50 ppm, preferentially chemisorbed onto 

the ferric oxide surface. When the dissolved water was 

removed, the heat of adsorption of the oils was found to 

decrease by a factor of ten. The important point brought 

out in this application was that the influence of water in 



lubricating oils had not previously been adequately 

addressed. 
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Other interesting applications of FMC to specific 

interaction~ are as follows: 1) corrosion inhibition by 

benzotriazole on copper, 41 2) adsorption of fluoride 

compounds on tooth enamel, 42 3) interaction of biological 

materials with dyes and drugs, 43 4) evaluation of activity 

of immobilized enzymes, 44 5) studies to evaluate specific 

adsorbents for organic pollutants (i.e. adsorbents which 

preferentially adsorbed certain organic species), 45 etc. As 

one can see, the list of FMC applications in the study of 

specific interactions is quite varied, showing the 

versatility of the FMC technique. 
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CHAPTER FOUR 

EXPERIMENTAL MATERIALS AND METHODS 

4.1. MATERIALS 

4.1.1. Particles 

The bulk of this research was limited to two types of 

magnetic particles: chromium dioxide and barium ferrite. 

However, within these two groups several subsets were also 

evalqated for reasons which become clear later. 
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The type of chromium-based particles investigated 

included unstabilized Cro2 , stabilized cro2 , and non

magnetic Cr2o3 • Studies were performed to elucidate the 

difference in the surface chemistry of these particles. The 

stabilized (D-500-2, Lot #L-4229) and unstabilized chromium 

dioxide samples were supplied by du Pont. Both cro2 samples 

were submicron, acicular particles with a surface area of 

26.0 m2jg (N2 gas adsorption). It was previously determined 

that the stabilized particles had water soluble sulf~te 

impurities present on their surface at a concentration of 

approximately 0.4 umolejm2
•

1 The cr2o 3 particles (Fisher 

Scientific chromium sesquioxide, certified) were in the 1 urn 

size range and had a surface area of 5.36 m2jg. Visually, 

both Cro2 particles were jet black in color, whereas Cr203 
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was a rich shade of green. Unless otherwise mentioned, the 

particles were stored in a dessicator and used as received. 

Two types of magnetic barium ferrite particles were 

also investigated. As described in Chapter Two, it is 

normal to introduce transition metals into barium ferrite in 

order to decrease the coercivity of the particles. 

Therefore, a major portion of this investigation was 

designed to look at surface chemical differences between 

doped and un-doped ferrite samples. Both the doped and un-

doped samples were submicron in size and hexagonally shaped. 

The doped particles were rust colored, while the un-doped 

samples were more of a chocolate brown. The surface areas 

and chemical analysis (performed by inductively coupled 

plasma spectroscopy) of these particles are seen in Table 

4.1. Doped barium ferrite (d-BaFe) was obtained from Toda 

Corp. (Toda 4565) and un-doped barium ferrite (u-BaFe) was 

supplied by Ferro Ottawa Corp. 

Table 4.1: Chemical and Physical Properties of Doped 
and un-doped Barium Ferrite 

Doped Un-dqped 

Surface Area, m2fg 43.6 21.5 

Chemical Analysis, 
Wt. % Fe 50.79 60.03 

Ba 11.71 11.99 
Co 3.81 <0.02 
Ti 3.29 <0.01 
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4 .1. 2. Solvents 

Reagent grade hexane (15 to 20 ppm water) and HPLC 

grade tetrahydrofuran were used as organic solvents for 

these investigations. These liquids were stored over 3 A 
molecular sieves and bathed in argon gas in order to control 

the moisture content. Water used in these studies was 

laboratory grade double-distilled, deionized water with a 

resistance of 5.8 mega-ohm. Water content of the organic 

liquids was determined by Karl Fischer titration. 

4.1.3. Probe Molecules and Magnetic Ink Components 

As described in Chapter Four, probe molecules are used 

in FMC to study acidic or basic surface sites on inorganic 

particles. For investigations reported in this 

dissertation, pyridine was used as the probe molecule for 

the characterization of acidic surface sites. As seen in 

Figure 4.1, pyridine derives its basic qualities from the 

lone pair of electrons on the nitrogen atom. The cross

sectional area of pyridine, in the plane of the ring 1 . is 

approximately 28.6 A2 • In organic liquids, pyridine can act 

as a Lewis base by donating these electrons to electron 

deficient (acidic) sites on a solid surface. For the 

probing of basic surface sites, 4-nitrophenol was used. 
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Figure 4.1: Pyridine molecule. 

While molecular probes are useful in ascertaining 

general information about the surface chemical nature of 

particle surfaces, it was also desired to study more 

specific interactions involving magnetic ink components. 

Therefore, the interaction of dispersants and components of 

polyurethane binders were also investigated. 

Dispersants used in this study were organic compounds 

with phosphoric acid functionality, as seen in their general 

structure in Fig. 4.2. These included two commercially 

available organic phosphate ester provided by GAF Chemicals: 



Figure 4.2: 

ORGANO-PHOSPHATE ESTERS 

A = alkyl or alkyl aryl radical 
n = average number of moles ethylene 

oxide reacted with one mole 
hydrophobe 

M =H. Na, etc. 

Organo-phosphate ester dispersants. 

82 
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1) GAFAC RS-410, a complex aliphatic organophosphate ester, 

and 2) GAFAC RM-410, an aromatic compound described as 

polyoxyethlene dinonylphenyl ether phosphate. Their 

approximate molecular weights were 850 glmole and 1100 

glmole, respectively. These products are a mixture of mono-

and di-ester, the relative amounts of which were determined 

using an acid value titration. 2 Aromatic RM-410 contained 

20% mono- and 80% di-ester based on this analysis. An 

identical titration using RS-410 showed it contained 36% 

mono- and 53% di-ester, with remaining 10% believed to be 

free_non-ionic. 

Due to the mixed nature of the commercial surfactants, 

di-(ethly hexyl) phosphoric acid (DEHPA) was used as a model 

compound for the phosphoric acid functionality of the GAF 

chemicals. DEHPA was purchased from Alfa Chemicals and its 

molecular weight was 322.3 glmole. 

CH3CH2 
I 

CH3CHCH2CH2CH2CH2 0 

\II 
p 

I \ 
CH3CHCH2CH2CH2CH2 OH 

I 
CH3CH2 

Di-(ethyl heY.yl) phosphoric acid 

As described in Chap. 2, one of the binder systems of 

interest for magnetic media is a polyester-polyurethane. A 

block co-polymer, polyester-polyurethane are comprised of a 
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hard segment and a soft segment present in the appropriate 

ratios to achieve the desired final mechanical properties. 

The model of the hard segment was hexarnethylene di

isocyanate (HMDI) purchased from Kodak Chemicals. The model 

for the soft segment was poly(tetra-rnethyl ether glycol) 

obtained from Polysciences, Inc. Their molecular weights 

were 168.2 and 650 gjrnole, respectively. 

O=C=N-CH2CH2CH2CH2CH2CH2-N=C=O 

Hexarnethlyene di-isocyanate 

CH3CH2CH2CH20 [ -CH2CH2CH2CH20-] nOH 

Tetramethyl ether glycol 

4.2. EXPERIMENTAL METHODS 

4.2.1. Electrophoresis 

Electrophoretic measurements were carried out using a 

Zeta-Meter electrophoresis apparatus. The cell used was 

constructed of glass and Teflon and had a 10 ern path length. 

The cell was also equipped with inlet and outlet por~s to 

allow circulation or sample solution in between 

measurements. This permitted a continuous adjustment of the 

pH of the system and pH cycling to check for hysteresis. A 

schematic of this setup is seen in Fig. 4.3. 
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Samples were prepared by dispersing 0.1 g of the sample 

particle into approximately one liter of double distilled, 

de-ionized water. The ionic strength of the solution was 

held constant through the addition of KCl. Hydrogen ion 

activity, pH, was adjusted using dilute HN03 and NaOH and 

measured using a calibrated laboratory pH meter. 

To make a measurement, the pinch clamp on the 

circulation unit was closed and a potential was applied 

across the electrodes of the electrophoresis cell. The 

applied potential was typically 100 to 200 V, which produced 

a potential drop of 10 to 20 Vjcm. The velocity of the 

charged particles was determined by measuring the time it 

took them to travel a fixed distance. The distance was 

ascertained by using the micrometer scale in the eyepiece of 

the optical microscope. This information was then used to 

calculate the electrophoretic mobility in umfs/Vjcm, i.e. 

the velocity of the particle divided by the potential drop. 

At least five measurements were made at each pH increment, 

with the reported value being the average of these. 

4.2.2. Flow Microcalorimetry 

FMC experiments are typically carried out in one of 

either two modes: pulse or saturation. Pulse mode 

experiments are performed by introducing a "plug" of sample 

solution into the flowing solvent via an injection loop 

connected to the one of the changeover valves shown in 
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Fig. 4.4. The injection loop used for experiments reported 

here had a volume of 20 ul. 

The vast majority of experimental data taken in these 

studies was obtained in the saturation mode. The particle 

bed was allowed to equilibrate in the flowing solvent. The 

solvent was then replaced by solution at the same flow rate, 

and heat effects were recorded. Solution was allowed to 

flow until the thermal signal returned to the original 

baseline, or until no further heat effects were observed. 

By switching back to solvent at this point, it is possible 

to measure the heat of desorption of the solute from the· 

particle surface. 

There are also two types of heat of adsorption which 

may be measured. The first is the integral heat of 

adsorption, which is determined in the saturation mode. A 

fresh bed is used for each concentration of solute that is 

tested. It is also possible to measure the differential 

heat of adsorption. This is carried out by steadily 

incrementing the solution concentration, i.e. in the 

saturation mode, by switching to increasingly strong~r 

solutions until no further heat effects are observed. 

Unless otherwise noted, most of the values reported herein 

are integral heats of adsorption. 

Particle samples were stored in a dessicator and used 

as received from the supplier unless they were subjected to 
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a drying treatment. The optimum sample weight was 

determined using two methods in combination. The first 

rough estimate was made by filling a small glass vial (10 mm 

diameter) with particles to a pre-marked line, gently 

tapping the vial as particles were added. This vial 

approximated the volume of the FMC sample bed, and to a 

first approximation this method worked very satisfactorily. 

The second step to determine the optimum sample size was 

performed during the FMC calibration step. 

The FMC was calibrated by using a special outlet 

connector which had a Nichrome wire coil mounted just above 

the retention screen. With the inlet connector removed, the 

weighed particles were loaded into the sample chamber using 

a long, stainless steel funnel. The funnel extended all the 

way to the top of the bed area in the cell to ensure that 

the particles did not adhere to sides of the inlet channel. 

Once the particles were loaded into the bed, the inlet 

connector was installed and the flow of solvent was 

initiated. At this point, the Nichrome coil was completely 

surrounded by the sample material. An electrical cu~rent 

was then applied to the coil and the response of the bed 

measured on a Spectra Physics SP4200 recording integrator. 

The area of this peak divided into the energy (in calories) 

injected into the bed could then be used as a conversion to 

obtain the heat of adsorption during actual experiments. 

The size of sample was varied from that determined using the 
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glass vial until a maximum signal was obtained. Normally, 

several different calibration peaks were measured, all of 

which varied in amplitude and duration. The conversion 

values from calibration peaks which best matched the runge 

of peak sizes obtained during experiments were used to 

calculate the heat evolved. A detailed evaluation of the 

calibration method used in FMC has been reported, 3 and 

concluded that calibration must be repeated for any ch~nges 

in sample size or flow rate. 

The drying procedure used in some experiments was as 

follows. First, pre-weighed particles were loaded into the 

sample chamber. At this point, dry argon gas was allowed to 

flow through the bed. In some cases, tetrahydrofuran or 

acetone were passed over the bed, followed by more argon. 

The temperature of the cell was then raised to 95 °C and the 

outlet connector was attached to the vacuum unit. The flow 

of argon was ceased and a vacuum was slowly applied to the 

cell. Once a vacuum of 10·2 atm was attained, the particles 

were held at the elevated temperature for at least two hours 

under this vacuum. The temperature of the cell was then 

lowered to 35 °C and kept under vacuum at least overnight. 

Argon was then passed through the bed, keeping a positive 

pressure so no atmosphere could enter the chamber, and the 

vacuum disconnected. The solvent line was flushed before 

introduction of solvent to the chamber, and solvent was 



allowed to wet the bed by switching the changeover valves 

from argon to solvent. 
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The solvents used for FMC experiments needed to be de

gassed prior to use. This was performed by first placing 

the solvent liquid into a clean Erlenmeyer flask and 

sonicating for ten minutes in an ultra-sonic bath. The 

solvent was then vacuum filtered through a 0.2 urn Teflon 

filter and held under vacuum for another ten minutes. This 

treatment effectively removed the dissolved gasses in the 

solvent and prevented the formation of bubbles which 

interfered with the refractive index detector. Solutions 

w~re prepared using the de-gassed solvent and sonicated for 

an additional ten minutes. 

The procedure for an experimental run may be outlined 

as follows: 

1) A 0.2 urn Teflon filter, cut to fit on top of the 

retention screen of the outlet connector using a 00 cork 

borer, was placed on the retention screen and the outlet 

connector was installed. 

2) The particles were dry-loaded using the st~inless 

steel funnel. The funnel was tapped continuously as the 

particles were slowly poured into the funnel opening. This 

helped ensure an even packing of the particle bed. 

3) The outlet connector was attached and solvent flow 

initiated. The original flow rate was maintained at 3.3 

ml/h until thermal equilibrium was attained. At thermal 
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equilibrium, the flow rate of solvent was increased 12 mlfh 

to ensure even packing of the bed (from run to run). At 

this point, the effluent from the bed (solvent) was 

connected to the sample inlet of a Waters 401 refractive 

index detector (RID). After several minutes, the outlet of 

the sample cell in the RID was connected to the inlet of the 

reference cell, and both solution paths of the cell were 

flushed. When the RID signal was stable at zero volts, i.e. 

reference and sample signals were identical, the flow rate 

was reduced to 6.6 ml/h and the reference cell of the RID 

was disconnected from the sample cell outlet. The RID was 

used in the trapped reference mode during these experiments, 

meaning the inlet and outlet of the reference cell were 

closed and the reference solution was static. 

4) After the FMC had equilibrated at the experimental 

flow rate of 6.6 mlfh, the recording integrator and chart 

recorder of the RID were engaged and allowed to run for five 

minutes to establish a baseline. The syringe pump for 

solution delivery was allowed to run during this time to 

make sure it had also reached a stable flow rate. .At the 

end of the five minute baseline run, solution was introduced 

by switching the changeover valve. The time of switching 

was also marked on the RID recorder to give a reference 

point. This reference point was used to allow for the time 

lag between solution hitting the bed and reaching the RID. 
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5) The data collected from each experiment, 

represented schematically in Fig. 4.5, was treated in the 

following manner. First, the area of the adsorption peak 

was converted to a heat value (calories) using the 

conversion factor from the calibration procedure. The 

adsorption information, obtained from the RID data, was 

calculated by comparing the trace of the experimental run to 

a trace of a run with an empty bed. The amount of solute 

adsorbed was calculated using this relationship: 

Adsorption, grams = [flow rate) 

wher~ Ce(t) and Cb(t) are the concentration of solute in the 

effluent stream as a function of time in the absence and 

presence of particles, respectively, and t* is the time at 

which the effluent concentration equaled the inlet 

concentration of solute. The adsorption density, in 

umole/m2, and the molar heat of adsorption, in kcalfmole 

adsorbed, was then calculated from this information. 

6) The physio-chemical nature of the interaction of 

the solute species with the particle sample could then be 

investigated by switching back to pure solvent. Any. thermal 

effects caused by the desorption of solute were also 

monitored. 

7) After each experiment, the inlet and outlet 

connectors of the FMC were removed and the sample cell was 

thoroughly cleaned before the next experiment. 
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Figure 4.5: Representation of FMC and RID signals during 
experiments. 



The adsorption models used for the analysis of 

adsorption density data from FMC experiments were the 

Langmuir and Freundlich isotherms: 

Langmuir: Cfr = k 1 + C/k2 , 

and Freundlich: rtrm = k3 + k4log c 
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where C is the equilibrium concentration of the adsorbate, r 

is the adsorption density of the adsorbate, r. is the 

monolayer capacity for the adsorbate on the adsorbent, and 

k 1 , k2 , k3 and k4 are constants. It should be recalled that 

the Langmuir isotherm is based on the assumption that the 

heat of adsorption is independent of surface coverage, i.e. 

for homogeneous surfaces. The Freundlich, on the other 

hand, allows for a logarithmic variation of the heat of 

adsorption with surface coverage. 4 

4.2.3. Other Methods 

~orne analysis were also performed using X-Ray 

Photoelectron Spectroscopy (XPS). These measurements were 

carried out by the Laboratory Electron Spectroscopy and 

Surface Analysis at The University of Arizona, Dept. of 

Chemistry, Dr. Ken Nebesny, Director. Particulate samples 

were pressed into Indium foil for analysis. The Auger 

parameter was calculated using the following equation: 5 

a' = E(KLL) + E8 (K) 

where E(KLL) is the kinetic energy of the Auger peak and 

E8 (K) is the binding energy. 
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Infrared spectra were obtained using a Beckman model 

1300 FTIR unit at Arizona Materials Laboratory. Powdered 

samples were prepared by mixing the sample with KBr in a 

mortar a pestle and forming a KBr pellet in a mold. Liquid 

samples were studied by preparing a neat film on a 

previously prepared KBr pellet. 
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CHAPTER FIVE 

SURFACE ACIDITY USING ELECTROPHORESIS AND FMC 

5.1. SURFACE ACIDITY USING ELECTROPHORESIS 

The first part of this investigation involved 

determining the relative acidity/basicity of the magnetic 

particles being studied. The initial determination was 

performed via electrokinetic measurements using the 

technique of electrophoresis as described in Chap. 4. 

5.1.1. Electrophoretic Measurements: cro2 
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For the chromium oxide system, three different types of 

particles were studied in an attempt to elucidate 

differences in the surface properties of stabilized and 

unstabilized Cro2 • Results of measurements on these 

particles are shown in Fig. 5.1, and are plotted as 

electrophoretic mobility (um/s/V/cm) as a function of 

solution pH. These measurements were performed in 

10·3 M KCl solutions in order to maintain a constant ionic 

strength. It is apparent from this figure that cr2o 3 was 

characterized by an !so-electric point (IEP) of 

approximately 6. Interestingly, neither the stabilized nor 

unstabilized Cro2 particles exhibited an IEP and were 

negatively charged over the entire pH region examined. 
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While the mobility curve for the stabilized cro2 was 

similar to what one would expect for a very acidic oxide 

particle, the curve for the unstabilized Cr02 was quite 

flat. This type of behavior was more indicative of a 

constant charge surface, like inorganic clays, instead of a 

constant potential surface, typical of inorganic oxides. 

The stabilized cro2 particles studied here were 

stabilized using the bi-sulfite method (refer to Chap. 2). 

This method purports to convert a thin layer of the surface 

to cr2o 3 which is detectable by x-ray diffraction. An XRD 

analysis performed at the Univ. of Arizona failed to detect 

such a layer on the stabilized cro2 sample. 

Previous work by Ali 1 has shown that the presence of 

sulfate ions can shift the IEP of cr2o3 to more acidic 

values. Therefore, any residual sulfite left over from the 

stabilization process, which may have been oxidized to 

sulfat~, could account for the observed behavior of 

stabilized cro2 • In any case, it is reasonable to say from 

the electrokinetic data in Fig. 5.1 that cro2 , whether 

stabilized or unstabilized, was much more acidic than. cr2o 3 • 

5.1.2. Electrophoretic Measurements: Barium Ferrite 

The electrophoretic mobility of doped barium ferrite 

(d-BaFe) and un-doped barium ferrite (u-BaFe) as a function 

of pH is plotted in Fig. 5.2. The plotted values are the 

average of several pH cycles. (The pH was cycled between 4 
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and 10 to check for hysteresis. The standard deviation of 

the mobility measurements was typically less than 

0.06 umfs/V/cm). The IEP of d-BaFe was slightly higher 

(5.8) than the IEP of u-BaFe (5.2), which indicated that the 

surface of d-BaFe was more basic in nature than the surface 

of u-BaFe. 

Since the d-BaFe sample had approximately equal amounts 

of Ti and Co doping, 3.3 and 3.8 wt. %, respectively, it 

appears that one of these additives played a more 

predominant role in determining the surface acidity. A 

similar phenomenon was observed by Roy and Furstenau while 

investigating the effect of Ti and Mg doping of alumina. 2 

Following the mechanism proposed by these 

investigators, the incorporation of Ti into Fe sites of the 

ferrite lattice would make the d-BaFe an n-type 

semiconductor by creating an excess of electrons: 

Fe•3 => Ti+4 + e 

Likewise, the inclusion of Co into Fe sites would make the 

d-BaFe a p-type semiconductor by producing an excess of 

Fe+3 => co•2 + p• 

holes. If, as a dopant, Ti were to alter the surface 

chemical characteristics of the ferrite, the IEP should have 

shifted to a lower pH since an increased concentration of H+ 

ions would have been necessary to neutralize the excess 

electrons present. Since the IEP of the d-BaFe sample was 

observed to increase, it seems that Co played a more 



significant role in determining the electrophoretic 

properties of d-BaFe. 

5 .1. 3. Comparison of Electrophoretic Results 
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Based on the initial electrophoretic measurements, it 

was possible to rank the relative acidity of the particles 

tested. In ascending order, with the most basic particle 

listed first, the surface acidities were as follows: 

Cr2o3 < d-BaFe < u-BaFe << stab-Cro2 < unstab-Cro2 • 

5.2. SURFACE ACIDITY USING FLOW MICROCALORIMETRY 

As mentioned earlier, the second process in determining 

the relative acidity of the magnetic particles was to study 

the adsorption of pyridine from a neutral solvent, namely 

hexane. The water content of the hexane was 20 ppm or less 

and the particles were used as received (but stored in a 

desicator). These experiments were performed in the 

saturation mode, as described in Chap. 4, and the heats of 

adsorption obtained were integral heats of adsorption. 

5.2.1. Pyridine Adsorption on cro2 and Cr2o3 

The adsorption isotherms of pyridine on stabilized and 

unstabilized Cr02 and Cr2o 3 as a function of the equilibrium 

concentration of pyridine in hexane are shown in Fig. 5.3. 

The plateau values for stabilized and unstabilized cro2 were 
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approximately the same, 5 ~molejm2 , even though unstabilized 

cro2 exhibited a much sharper initial rise. The relative 

standard deviation of these measurements was 10% or less, 

which was typical for the adsorption density measurements in 

these experiments. The Cr2o3 particles were characterized 

by a much higher plateau value of about 7.2 ~molejm2 • 

The adsorption density data were fitted to the Langmuir 

and Freundlich isotherm models. The Langmuir model assumes 

a constant heat of adsorption with increasing surface 

coverage, while the Freundlich model allows for a 

logarithmic variation of the heat of adsorption with surface 

coverage and is therefore more suitable for heterogeneous 

surfaces. The calculated values of rm, monolayer capacity, 

and the Langmuirian constant, b, are listed in Table 5.1. 

The R2 values from the Langmuir are compared to those from 

performing a Freundlich fit to the adsorption density data 

in Table 5.2. 

Table 5.1: Calculated Parameters from Langmuir Model 
for Chromium Dioxide and Trioxide 

Particle rm, ~molefm2 b R2 

unstab-Cr02 5.43 0.51 0.9997 

stab-Cr02 6.61 0.067 0.9796 

Cr203 10.12 0.045 0.9512 
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Higher values of b are indicative of higher heats of 

adsorption. Therefore, it would appear that the interaction 

of pyridine with the unstabilized cro2 was the strongest of 

the three chromium-based particles studied. Also, using the 

predicted rm value, the area per adsorbed.pyridine molecule 

was calculated to be 25 ~2 for stabilized cro2 , 30.6 ~2 for 

unstabilized Cro2 , and 16.4 ~2 for Cr2o3 (compared to the 

estimated cross sectional area from Chap. 4 of approximately 

28.6 ~2 • These values correspond to 3.3 x 1014
, 4.0 x 1014

, 

and 6.1 x 1014 sites per cm2 for stabilized and unstabilized 

cro2 and cr2o3 , respectively, with the theoretical limit 

being approximately 1015 sites per cm2
• The higher packing 

density on Cr2o3 may have been indicative of the lower heat 

of adsorption. In other words, the pyridine molecules 

interacted less strongly with the cr2o3 surface and were 

able to rearrange themselves more easily to accomodate a 

great~r density. 

Table 5. 2: Comparison of R2 Values from Langmuir 
and Freundlich Models 

Particle R2, Langmuir R2, Freundlich 

unstab-Cr02 0.9997 0.9005 

stab-Cr02 0.9796 0.9951 

Cr203 0.9512 0.9153 

From Table 5.2, it is apparent that the Langmuir 

provided a good fit of the adsorption data for unstabilized 



107 

Cro2 , while the Freundlich provided a better fit for the 

adsorption data of stabilized cro2• This would seem to 

indicate that the surface of stabilized cro2 was more 

heterogeneous in nature than that of the unstabilized cro2 • 

The difference in surface heterogeneity becomes more 

apparent in Fig. 5.4, a plot of molar heat of adsorption 

versus adsorption density. In this plot, the heat of 

adsorption appears to decrease in a linear fashion for 

unstabilized cro2 and cr2o3 with increasing surface coverage 

of pyridine. Typically, the heat of adsorption data varied 

less than ± 5 % from the average plotted in F~g. 5.4. The 

data for stabilized cro2 , on the other hand, was observed to 

decrease non-linearily with increasing surface coverage of 

pyridine. The observed behavior for stabilized Cro2 is 

indicative of a non-homogeneous surface, as indicated by the 

better fit of the Freundlich model to the adsorption data. 

It is also evident from the data in Fig. 5.4 that the 

surface sites of cr2o3 are only weakly acidic when compared 

to the acidic sites on stabilized and unstabilized Cro2 • 

For example, the molar heat of adsorption, at the point 

where the adsorption density appeared to level off, was 

15 kcaltmole for unstabilized cro2, 10 kcaltmole for 

stabilized cro2, but only 3 kcaltmole for Cr2o3 • 

As mentioned, the data in Fig. 5.4 shows that the 

heterogeneity of surface sites on stabilized Cr02 was much 
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more pronounced than on unstabilized cro2 • Since the 

stabilization method reportedly converts a thin, continuous, 

surface layer of cro2 into CrOOH, one might expect the 

majority of chromium occupying surface sites to be in the 

+III valence state. However, other investigators1 have 

shown that some of the chromium in stabilized cro2 is also 

present in the +VI valence state. This degradation of the 

converted surface layer appears to occur over time due to 

contact of the stabilized cro2 with uncontrolled 

atmospheres. A distribution of +III and +VI sites on the 

surface of stabilized cro2 could account for the observed 

heterogeneous characteristics of its acidic surface sites. 

The higher heat of adsorption of pyridine on 

unstabilized cro2 is most likely due to a larger population 

of Cr(+VI) sites than on stabilized cro2 •
1 Another 

possibility could be the formation of some sort of surface 

complex. For example, it is well known that pyridine will 

form a complex with cro3 , di-pyridine-cro3 , called Sarrett's 

reagent. It is a common oxidant used in organic synthesis. 3 

With the heat data available from the FMC experiments, it is 

not possible to distinguish between heat which is due to 

pyridine adsorption and that which may be from the formation 

of a pyridine-Cr(+VI) complex. However, the initial steep 

rise in the adsorption density of pyridine on unstabilized 

cro2 , as characterized by the large Langmuir constant b, 

leads one to conclude that the complex formation is a 
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distinct possibility. The possibility of complex formation 

was addressed by performing FTIR measurements of stabilized 

and un-stabilized cro2 and comparing the spectra of pyridine 

treated and un-treated particles. 

5.2.2 FTIR Measurements of Pyridine Adsorption 

on cro2 

As mentioned earlier, the possibility of the formation 

of a Cr(+VI)-pyridine complex was attributed to the higher 

heat of adsorption of pyridine on unstabilized cro2 • In 

order to probe this further, static adsorption tests of 

pyridine on both stabilized and unstabilized cro2 were 

carried out to obtain samples for FTIR measurements. The 

cro2 samples were suspended in a 70 mM solution of pyridine 

in hexane or pure hexane for one hour. The solution or pure 

solvent was then decanted and the particles dried in a 

dessicator. 

It was hoped that spectral features that resembled 

Sarrett's reagent (Cro3-di-pyridine), or at the least those 

for pyridine, would be present in the treated particle's 

spectra. Both pyridine and the pyridine complex spectra are 

shown in Fig. 5.5. The results for both stabilized and 

unstabilized cro2 , as shown in Fig. 5.6, did not indicate 

any complex formation. In fact, there was not a detectable 

difference between the non-treated and pyridine treated 

surfaces nor were the spectral features of pyridine on the 
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Figure 5.6: 

(b) 

FTIR spectra for (a) unstabilized and (b) 
stabilized Cr02 • 
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treated samples evident. In addition, subtracting the 

treated and un-treated spectra did not reveal any detectable 

differences. Furthermore, pyridine exhibited very good 

solubility in hexane, which would not tend drive a surface 

complexation reaction. 

5.2.3 Pyridine Adsorption on Doped and Un-doped 

Barium Ferrite 

The results of pyridine adsorption experiments on doped 

and un-doped barium ferrite are seen in Fig. 5.7 and 

Fig. 5.8. As with the cro2 samples, the standard deviation 

of the heat of adsorption values was ± 5% and less than 

± 10% for the adsorption density measurements. 

Although the values for adsorption density were not 

observed to level off, the heat of adsorption values did 

level off at pyridine concentrations above approximately 30 

m~. The values of the molar heat of adsorption above this 

pyridine concentration were approximately 6 kcaljmole for d

BaFe and 7 kcaljmole for u-BaFe. (In similar expe~iments 

performed with gamma-Fe2o3 , the molar heat of adsorption of 

a 36 mM pyridine solution was approximately 6.4 kcaljmole.) 

The heat of adsorption data is re-plotted in Fig. 5.9 as a 

function of the adsorption density of pyridine. At the 
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highest pyridine concentration, 124 roM, the adsorption 

density for d-BaFe was 5.3 ~molefm2 and for u-BaFe was 4.3 

~mole/m2 • These experiments also indicated that the surface 

of d-BaFe was slightly more basic than the surface of u-BaFe 

(consistent with the electrophoretic results reported 

earlier). 

The adsorption density data were fitted to the Langmuir 

and Freundlich adsorption models. These results are listed 

in Table 5.3. 

Table 5.3: Langmuir Parameters for d-BaFe and u-BaFe 

Particle rm, ~mole/m2 b R2 

d-BaFe 6.44 0.1552 0.9883 

u-BaFe 5.03 0.1988 0.9943 

R2, Langmuir R2, Freundlich 

d-BaFe 0.9883 0.9696 

u-BaFe 0.9943 0.9796 

For both types of ferrite, the Langmuir model produced a 

slightly better fit than the Freundlich. Using the 

calculated rm value, the area per adsorbed pyridine molecule 

was 25.7 A2 on d-BaFe and 33.0 A2 for u-BaFe, corresponding 

to 3.9 x 1014 and 3.0 x 1014 sites per cm2 , respectively. 

Based on the Langmuirian constant b, u-BaFe seemed to have 

more affinity for pyridine, which coincided with the 
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observed molar heat of adsorption values, and indicates that 

u-BaFe was the more acidic surface. 

5.2.4 Adsorption of 4-nitrophenol on Cr02 and 

Sa-ferrite 

Having examined the nature of the acidic surface sites 

using pyridine as a probe molecule, a limited amount of 

experiments were performed using 4-nitrophenol as a 

molecular probe for basic surface sites. As a first step, 

the adsorption of 4-nitrophenol from a 35.2mM solution in 

hexane with 10 vel.% THF was studied on stabilized cro2 , d

BaFe and u-BaFe samples. .It was found necessary to add the 

THF to the hexane solvent to ensure solubility of the 4-

nitrophenol. The particle beds were first equilibrated with 

the hexanejTHF mixed solvent, then the adsorption of the 4-

nitrophenol from solution was measured. 

The results of these measurements, shown in Table 5.4, 

are interesting in that they collaborated with the "ranking" 

of the particles using both electrophoresis and pyridine 

adsorption; the interaction of 4-nitrophenol was strongest 

with d-BaFe, the most basic of the three particles, and 

weakest with stabilized cro2, the most acidic of the three. 

The standard deviations observed during these experiments 

have been included in Table 5.4 to point out that they were 

very large compared to the standard deviations encountered 

for pyridine adsorption from pure hexane. Using the mixed 
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solvent for 4-nitrophenol, the molar heat of adsorption 

typically varied by 10% or more. When using pure hexane 

solutions of pyridine, the relative standard deviation of 

the molar heat of adsorption was less than 5%, and more 

typically 2 or 3%. 

Table 5.4: Adsorption of 4-nitrophenol from Hexane 
W/10 val.% THF 

Particle Molar Heat of Adsorption, Ads. Density, 
kcaljmole JLmolefm2 

cro2 0.46 ± 0.06 1. 50 ± 0.10 

d-BaFe 3.72 ± 0.40 2.53 ± 0.06 

u-BaFe 1. 86 ± 0.26 2.44 ± 0.06 

Hoping to lessen the effect of the mixed solvent, a 

series of experiments was then performed using a 5 val. % 

THF in hexane solvent and the adsorption of 4-nitrophenol on 

d-BaFe was studied over a broad range of concentrations. 

The adsorption densities and molar heat of adsorptions 

measured during these experiments are plotted in Fig. 5.10. 

As seen in this figure, the molar heat of adsorption leveled 

off at approximately 2.1 kcaljmole at 4-nitrophenol 

concentrations above 50 ffiM. This data was also fitted to 

the Langmuir model with a R2 value of 0.9161, b of 0.118, 

and a predicted monolayer capacity of 8.44 JLmole/m2
• From 

the predicted monolayer capacity, the area per adsorbed 
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4-nitrophenol molecule was 19.7 A2 , and occupied 5.1 x 10 14 

sites per cm2 • 

By using the monolayer capacity of pyridine as a 

standard for the available acidic surface sites on d-BaFe, 

the number of such sites was calculated to 0.39 x 1015 

acidic sitesjcm2
• The same was performed using 

4-nitrophenol as the standard for the number a basic sites 

present on d-BaFe, which was calculated as 0.51 x 1015 basic 

sitesjcm2 • By combining these two values, the calculated 

number of available surface sites on d-BaFe was 

0.9 x 10 15;cm2
• This number was remarkably close to the 

theoretical limit of 1015 sites per cm2 for surfaces. Also, 

from these calculations, the ratio of basic sites to acidic 

sites on d-BaFe was approximately 1.8:1. 

If one refers back to Fig. 5.7 and 5.8, it is easily 

seen that while the molar heat of adsorption of pyridine on 

the ferrite samples leveled off, the adsorption density 

values did not. (In spite of this, the Langmuir model fit 

the data quite well.) This is, as already mentioned, is an 

indication of heterogeneity of surface sites availab~e for 

adsorption. By assuming that the "high" energy acidic sites 

were completely neutralized at the point where the molar 

heat of adsorption leveled off, as denoted in Fig. 5.7 and 

5.8 by the vertical lines, the ratio of "high" energy and 

"low" energy sites may be calculated. This was done using 

the adsorption densities indicated by the vertical lines in 
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those figures, and the results were somewhat surprising. As 

seen in Table 5.5, the decrease in high energy sites on d

BaFe, apparently caused by doping, was nearly identical to 

the total dopant level of 7.1% in the d-BaFe sample. This 

also indicates that the doping of barium ferrite with Co and 

Ti led to a decrease in the acidity of the particles 

surface. 

Table 5.5: Distribution of Acidic Sites on d-BaFe 
and u-BaFe 

% of sites in 

Type of Site d-BaFe u-BaFe 

high energy 52.8 60.0 

low energy 47.2 40.0 

5.3 SUMMARY OF SURFACE ACIDITY DETERMINATIONS 

Having completed two sets of independent experiments to 

evaluate the surface acidity of magnetic cro2 and barium 

ferrite particles, the following conclusions can be made 

about the results. 
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5.3.1 Chromium Dioxide 

With regard to chromium dioxide, it was found that 

these particles were extremely acidic in nature. This was 

evidenced by their negative surface charge in aqueous 

solutions and the absence of an iso-electric point. In 

addition, the results of pyridine adsorption tests using the 

technique of flow microcalorimetry reinforced the 

electrophoretic observations. In terms of surface acidity, 

the FMC and electrophoretic measurements both showed that 

the ranking of chromium based particles was as follows: 

cr2o 3 << stabilized cro2 < unstabilized Cro2 • 

These results were surprising in that the manufacturer 

of the stabilized cro2 particles claims that the 

stabili~ation process, surface reduction using sodium bi

sulfite, converts a thin surface layer of cro2 to Cr203 •
4 

This converted layer is reportedly substantial enough to be 

detected by x-ray diffraction techniques. Therefore, one 

would expect that the surface of stabilized cro2 , being in 

the Cr(+III) instead of Cr(+IV) valence, would behav~ more 

like Cr2o3 than was observed. 

5.3.2 Barium Ferrite 

The results of electrophoretic and FMC measurements 

with the barium ferrite samples also correlated well. Both 

techniques discerned that the surface of doped barium 
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ferrite was slightly more basic in character than the 

undoped ferrite sample. As previously discussed, one reason 

for this could be a semiconductor effect2 brought about by 

the dopants. The increase in basicity seemed to indicate 

that cobalt is the dopant which played a predominant role in 

establishing the surface characteristics. 

Another reason that cobalt could have a dominate effect 

could perhaps be due to the crystal structure of barium 

ferrite and the lattice positions which the dopant atoms 

will occupy. The crystal structure of barium ferrite, 

isostructural with magnetoplumbite, is represented in Fig. 

5.11. 5 In doped barium ferrite, Co and Ti will replace Fe 

atoms occupying octahedral sites in the crystal lattice. 

Cobalt will preferentially occupy octahedral sites situated 

in the spinel layer. 6 The dashed lines in Fig. 5.11 

represent the spinel layer, and if this is also the face of 

the ferrite crystal, then it is apparent why Co could 

dominate the surface characteristics. 

Attempts to substantiate this hypothesis, i.e. that the 

surface of the ferrite particles were cobalt-rich, l~d to 

further experiments using the analytical technique of XPS. 

These results are discussed in the following section. 
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5.4 XPS ANALYSIS OF DOPED AND UN-DOPED BARIUM FERRITE 

XPS measurements were performed on doped and un-doped 

barium ferrite that had been washed in hexane, dried under 

an inert atmosphere, and pressed into indium foil. The 

initial intent was to determine if cobalt was more prevalent 

at the surface of the doped sample. These measurements 

showed that Ti was uniformly distributed throughout the 

doped particles, but the overlap of the Ba and Co peaks 

prevented Co detection. 7 

However, there was a measurable difference in the 

binding energy for the iron 2p112 and 2p312 peaks between the 

doped and undoped samples. The Fe peaks for the doped 

sample occured at a higher binding energy than for the un

qoped samples. Fig. 5.12 shows the Fe region spectra for 

both the doped and undoped samples with the peak positions 

being.listed in Table 5.6. The XPS measurements indicated 

that the majority of iron near the surface of the undoped 

specimen was in a more reduced state than the doped 

particle. (The apparent lower binding energy of the un

doped sample was re-evaluated with similar results as 

described in Chap. 6}. 
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Table 5.6: XPS Binding Energies for Doped and Un-doped 
Barium Ferrite 

Peak Doped Undoped 

Fe 2p(3/2) 711.5 ev 707.7 ev 
Fe 2p(1/2) 724.4 ev 121.1 ev 

One possible reason for the apparant reduced state of 

the un-doped sample may be some sort of surface reduction 

process performed by the manufacturer. A reducing treatment 

would leave the surface in a state more similar to FeO or 

even elemental iron. The binding energies of iron in the o, 

+I, and +II oxidation states are generally reported as 707, 

709.7, and 711.2 eV, respectively. Judging from the binding 

energy of the Fe 2p312 peak (707.7 eV), it is most likely 

that these particles had been treated in such a way that the 

surface oxidation state had been highly reduced. The un

doped sample used in these investigation was prepared by the 

manufacturer by grinding a larger-sized powder to sub-micron 

dimensions. In addition, as this material was designed for 

use in bulk magnents (see Chap. 2), the process control used 

in its preparation was not as critical as during the 

manufacture of the doped specimen. (Attempts to find out 

more of the process history of the un-doped sample by 

approaching the manufacturer were not successful.) 

Therefore, the observed difference in surface chemical 
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behavior should not be totally surprising based on the XPS 

results. 
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CHAPTER SIX 

ADSORPTION OF DISPERSANTS 

6.1. FMC STUDIES OF THE ADSORPTION OF PHOSPHATE ESTER 

DISPERSANTS ON BARIUM FERRITE 
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As discussed in Chapter 3, one of the important 

components of a magnetic ink dispersion is the dispersant. 

The dispersants studied in this work consisted of organic 

derivatives of phosphoric acid. The hydrophilic portion of 

the molecule had either a .mono-substituted or di-substituted 

phosphoric acid functionality. Two commercially available 

surfactants described in Chap. 4, GAFAC RM-410 and RS-410, 

and one model compound, di-ethyl hexyl phosphoric acid, were 

used with hexane as the solvent (15 to 20 ppm H20). The 

particles were studied as received, being stored in a 

dessicator until use. 

The adsorption density of these compounds, plotted as a 

function of their equilibrium concentration in hexane, 

appears in Fig. 6.1. The error in these measurements was 

highest (around 10%) at the lowest concentrations of the 

organo-phosphate compounds. As can be noted in this figure, 

the adsorption density quickly reached a nearly constant 

value for the each of the dispersants tested, even at very 

low solution concentrations. The adsorption density of 
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DEHPA was slightly higher for both barium ferrite samples 

when compared to either RM-410 or RS-410. 
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The molar heats of adsorption for these dispersants 

were very large, as evidenced in Fig. 6.2. It is 

interesting to note from Fig. 6.2 that the shape of the 

curves did not resemble that of pyridine, i.e. the heat of 

adsorption did not decrease with increasing solution 

concentration (surface coverage). Instead, the molar heat 

of adsorption was observed to remain fairly constant or 

actually increase with increasing concentration of 

dispersant. This is more easily seen in Fig. 6.3 where the 

heat data is plotted as a function of adsorption density. 

The data from the calculated heats of adsorption 

indicated several things. First, due to the large heats of 

adsorption, up to 60 kcaljmole, it appeared that the 

adsorption of the organo-phosphate dispersants resulted in a 

chemical reaction. This was further evidenced since the 

heat of desorption for these compounds was less than 10% of 

the heat of adsorption, indicating that the dispersant 

molecules were very strongly anchored on the ferrite 

surface. Second, the heats of adsorption of both RM-410 and 

DEHPA on the doped and undoped particles were consistent 

with the difference in their surface acidity found during 

the pyridine adsorption and electrophoresis experiments. 

The higher ~eats of adsorption on doped barium ferrite again 

indicate that the its surface was the most basic in nature 
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of the two particles. Finally, it is interesting to note 

that the calculated heat of adsorption was highest with the 

compound containing the greater percentage of single chained 

molecules. The dispersant RS-410, by acid value titration, 

had the highest amount of mono-ester and the highest heat of 

adsorption (around 60 kcaljmole) while DEHPA, virtually all 

di-substituted phosphoric acid, had the lowest molar heat of 

adsorption (appx. 40 kcaljmole) on the doped barium ferrite 

sample. This seems to indicate that the mono-substituted 

phosphoric acid compounds had a higher heat of interaction 

(i.e. two acidic hydrogens) with the particle surface. 

One problem encountered with the commercial 

dispersants, RM-410 and RS-410, was that the heat of 

adsorption did not reach equilibrium during the time in 

which adsorption was occurring (as indicated by the 

refractive index detector). In fact, following the 

adsorption of dispersant, the baseline consistently shifted 

to a higher equilibrium value. This behavior is illustrated 

in Fig. 6.4. This figure schematically shows an ideal heat 

peak and an experimentally observed heat peak with ·their 

corresponding refractive index traces of the FMC effluent on 

a real time basis. Ideally, by the time RID signal reaches 

a maximum plateau value, the heat signal should return to 

the baseline. However, the heat signal for RM-410 and RS-

410 was observed to be an initially sharp exotherm followed 

by a short plateau or, in some cases, second peak region. 
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Also, the RID signal reached a plateau {indicating no 

further adsorption) shortly after the main exothermic peak. 

Since it was desired to determine the molar heat of 

adsorption of the dispersants, these results posed the 

question as to how much of the heat peak should be 

considered to determine the heat of interaction. Therefore, 

it was arbitrarily decided to truncate the heat peak 

integration at the time represented by point A in Fig. 6.4. 

This needs to be kept in mind since the total heat generated 

during the calorimetric experiments was typically 40 to 50% 

greater than what was used to calculate the heat of 

adsorption. 

The departure of the shape of the heat peak from ideal 

behavior was thought to be due to any of three reasons: 1) 

the mixed nature of the commercial dispersants, i.e. 

fractions of mono- and di-organo phosphoric acid present in 

each, 2) formation of a surface chemical complex, or 3) 

perhaps some sort of lateral interaction among the adsorbed 

dispersant molecules. 

The continued evolution of heat after the RID had 

indicated the completion of adsorption may have indicated 

that some of the surface complex may have desorbed from the 

surface and in doing so exposed "fresh" surface sites for 

further reaction with the dispersant molecule. An 

equilibrium condition of this sort could have accounted for 

the observed RID signal. 
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A lateral interaction of the adsorbed dispersant 

molecules, also resulting in the continued production of 

heat, may have been evidenced by the desorption behavior. 

As mentioned, the heat of desorption was less than 10% of 

the heat of adsorption for these compounds, and the FMC 

signal re-equilibrated at the higher baseline. This may 

have indicated that some of the dispersant molecules where 

loosely held, hence the low heat of desorption, and 

associated with the primary adsorbed layer of molecules 

instead of being anchored directly to the particle surface. 

To address the mixed nature of the commercial 

dispersants, DEHPA (di-substituted phosphoric acid) was 

chosen as a model compound for the phosphate functionality. 

However, the heat peaks observed using DEH~A were similar to 

the peaks obtained using RS-410 and RM-410; a sharp 

exothermic peak was followed by a plateau or second peak, 

with the RID signal reaching a plateau shortly after the 

main exothermic peak. 

Further indication of a surface chemical reaction 

(chemisorption) of the organo-phosphate dispersants was 

obtained by performing DEHPA adsorption experiments in the 

pulse mode rather than the saturation mode. A 78.7 mM 

solution of DEHPA in hexane was sequentially pulsed through 

a bed of doped barium ferrite using the 20 ul injection loop 

on the FMC changeover valves; the thermal effects of each 

pulse interacting with the particle bed were measured and 
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the system allowed to re-equilibrate before injecting 

another pulse. For purely physical adsorption, the FMC 

response would have been a sharp exothermic peak followed by 

an endothermic of approximately the same magnitude. 

Likewise, the RID response (area) would be the same as for a 

20 ul pulse of the DEHPA solution passing through an empty 

bed. The results of this experiment are listed in Table 

6.1, and supported the hypothesis that the phosphate 

functionality of the dispersants studied adsorbed via the 

formation of chemical bonds. 

As can be seen from Table 6.1, no desorption was 

observed for the first eight 20 ul pulses, i.e. no 

endothermic peak was noted on the FMC trace and the RID peak 

was absent. Taking the heat and adsorption information from 

the first pulse, a molar heat of adsorption of 38 kcaljmole 

can be calculated. This value was very close the value 

measured for DEHPA adsorption on the doped ferrite using the 

saturation mode. Summing the total heat and adsorption for 

the first eight pulses, before desorption was observed 

thermally, the calculated molar heat of adsorption-was 

approximately 60 kcaljmole. The adsorption density at this 

point was approximately 1.5 ~molejm2 , compared to the value 

of approximately 3 ~molejm2 for the "plateau" during the 

saturation experiments. 
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Table 6.1: Pulsed Adsorption of DEHPA - Doped Barium 
Ferrite 

Ads., J,Lmole 

# Exo, meal Endo, meal RI, cm-2 delta total 

1 60.0 - o.o 1.575 1.575 
2 102.5 - o.o 1. 575 3.150 
3 86.1 - 0.0 1.575 4.725 
4 52.6 - 1.82 1. 243 5.968 
5 32.7 - 6.75 0.345 6.313 
6 23.7 - 7.8 0.153 6.466 
7 18.2 - 8.4 0.044 6.51 
8 14.9 - 8.4 0.044 6.554 

***** ************ *********** ********** **************** 
9 14.3 1.80 8.25 0.071 6.625 

10 14.2 2.67 7.42 0.222 6.847 
11 11.5 3.96 7.70 0.171 7.018 
12 11.3 4.25 7.02 0.295 7.313 
13 11.2 4.17 7.70 0.171 7.484 
14 9.9 4.06 8.50 0.026 7.509 

Each pulse = 1. 575 J,Lmoles DEHPA, 8.64 cm-2 

6.2 XPS STUDIES OF DISPERSANT ADSORPTION 

The nature of the bonds formed due to the interaction 

between the dispersant and particle surface during 

adsorption were investigated using x-ray photoelectron 

spectroscopy (XPS). Samples of un-treated and RM-410 

treated, undoped barium ferrite were analyzed. (As 

mentioned earlier, Co was difficult to detect due to the 

presence of Ba. Therefore, these measurements were made on 

the un-doped sample to simplify the spectra. In addition, 

treated and un-treated gamma-Fe2o3 were also analyzed.) 



142 

analyzed.) These results and binding energies for various 

standard iron oxides are listed in Table 6.2. Examples of 

the spectra obtained from XPS analysis are presented in 

Fig. 6.5 through 6.7. The presence of the adsorbed 

dispersant on the treated sample was evidenced by the 

appearance of a phosphorous peak at 145.85 eV and a second 

oxygen peak at 531.85 ev. Results of identical measurements 

on 1-Fe2o3 are listed in Table 6.3. The obtained spectra 

for the gamma iron oxide sample appear in Fig. 6.8 through 

6.10. 

Table 6.2: XPS Comparisons of RM-410 Treated and 
Un-treated Undoped Barium Ferrite 

Binding Energy, eV 

Peak Treated Un-treated 

Fe, 2p(3/2) 710.5 707.65 
P, 2p 132.85 -
Ba, 5d 779.3 779.85 
o, 1s 529.5/531.85 529.6 

Standard Fe metal a-Fe203 FeO Fe304 a-FeOOH 

Fe, 2p(3/2) 707.0 711.2 709.7 711.2/709.5 -711.2 
o, 1s - 530.3 530.3 530.3 530.3/ 

531.5 

Table 6.3: XPS Comparisons of RM-410 Treated and 
Un-treated Gamma Iron Oxide 

Binding Energy, eV 

Peak Treated Un-treated 

Fe, 2p(3/2) 709.9 711.5 
P, 2p 133 -
o, 1S 529.6 530.4 
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Based on the initial XPS results for barium ferrite in 

Chapter 5, it was stated that the surface of un-doped barium 

ferrite appeared to be in a very reduced state. This result 

was duplicated with this batch of samples, i.e. the binding 

energy of the Fe 2p312 peak was again measured as around 

707.7 ev. Therefore, in order to simplify the discussion, 

the results for the gamma-Fe2o3 samples will be discussed 

before going on to the barium ferrite results. 

From Table 6.3, it is quite apparent that the binding 

energy of iron in the treated sample decreased upon 

treatment with the dispersant. This may be taken as 

evidence of a surface complexation. The Auger parameter for 

the gamma-Fe2o3 samples was calculated to be approximately 

1412.3 (values of 1414.1 and 1412.9 have been reported for 

gamma-Fe2o3 in the literature). 1 The lineshape of the Fe 

Auger peak from the treated sample was slightly different 

from that of the un-tr~ated sample, which may be further 

evidence of the formation of a surface complex. 

For example, if the dispersant molecule was able to 

ionize and form a covalent bond with the surface of the 

following configuration, the electronegativity of the oxygen 

atoms would cause the surface to become slightly electron 

poor, thereby increasing the binding energy of the iron 

atoms. However, since the observed binding energy for iron 

atoms in -Fe2o3 decreased, it seems likely that the 

reaction is more typical of a Lewis acid/base. The Fe+3 
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sites on the surface act as electron pair acceptors (acid) 

and the ionized oxygen of the surfactant act as the electron 

pair donors (base). Since the elctron density of the local 

(R--0-) P-0-: + Fe+3 --> (R-0-) P-O: Fe<+3 
2

11 
2 

II 
0 0 

environment around the Fe+3 sites increased, the binding 

energy of these surface atoms decreased. 

For the barium ferrite samples, the most interesting 

observation was the shift in the iron 2p 312 and 112 peaks on 

the treated sample to higher binding energies. Since the 

surface of the un-treated sample was already in a more 

reduced state, several things must occur for such 

observations to make sense. First, the introduction of the 

phosphate ester surfactant must initially cause oxidation of 

the particle surface. Second, as sites on the surface were 

oxidized, they reacted with the surfactant and formed the 

iron-phosphate complex that resulted in the decreased 

binding energy for the iron in the ferrite sample. 

Therefore, the model for this interaction involves the re

oxidation of the particle surface (from between 0 and +II to 

more like +III), followed by the complexation of the newly 

formed +III sites with the phosphate ester surfactant. This 

could account for both the observed increase in binding 

energy on the treated, un-doped sample, and the fact that 

the observed binding energy on the treated sample was less 
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than that expected for a surface with iron in the +III 

state. The Auger parameter for the barium ferrite peaks was 

also calculated to be approximately 1412.3. However, little 

difference was observed in the lineshape between the treated 

and un-treated sample, and these peaks were confounded since 

they occured very close to the barium XPS peak. 

To explore the possibility.of the formation of an iron

phosphate ester surface complex further, attempts were made 

to synthesize an iron-phosphate compound. This was done by 

dissolving RM-410 in triple-distilled water and then adding 

a ferric chloride salt. As this resulted in no immediate 

precipitate (the pH of the solution at this point was 

approximately 2.5), a solution of 0.5 M NaOH was titrated 

into the surfactant/ferric chloride solution until the pH 

increased enough for a gelatanous precipitate to form. The 

precipitate was then dried and the resulting residue was 

also analyzed by XPS. These results are listed in Table 6.4 

and the obtained spectra are shown in Fig. 6.11. 

Table 6.4: XPS Analysis of Iron/Phosphate Ester·· compound 

Peak Binding Energy, ev 

Fe 2p(3/2) 710.7 

0 1s 529.8 

p 2p 132.6 
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As with both the un-doped ferrite and gamma-Fe2o3 

samples, the binding energy for the Fe 2p312 peak was less 

than that expected for iron in the +III valence. All three 

samples seemed to indicate that the valence of iron atoms 

after they have reacted with the phosphate ester surfactant 

was reduced. 
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Further experiments were performed to investigate the 

nature of the organo-phosphate adsorption using FTIR and 

looked at the adsorption of DEHPA and RM-410 on thedoped 

barium ferrite particle. These results are discussed in 

section 6.3. 
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6.3 FTIR STUDIES OF DISPERSANT ADSORPTION 

The spectral features of DEHPA and RM-410 treated doped 

barium ferrite were also examined. In these cases, the 

samples were obtained by saving the particle bed from the 

related FMC experiments. Spectra for DEHPA and RM-410 

appear in Fig. 6.12. The distinctive peaks of the two 

dispersants are listed in Table 6.5. Broadening of the RM-

410 peak in the covalent phosphate region (925 to 1050 cm" 1) 

was probably due to the mixed nature, mono- and di-ester 

fractions, of RM-410. 

Table 6.5: IR Peaks for DEHPA and RM-410 

Wavenumber, cm-1 

Region DEHPA RM-410 

0-H stretch 3400 3425 
C-H stretch 2850-2950 2875-2975 
c-o.stretch and 1225 and 1250 and 
Covalent Phosphate 1030 1050 (broad) 

The spectra of the RM-410 treated particles appear in 

Fig. 6.13. Also shown in this figure is the subtraction of 

the un-treated particle spectrum from the treated particle 

spectrum. The treated sample contained peaks not observed 

on the un-treated particle at approximately 1240 cm" 1 
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Figure 6.13: FTIR spectra of (a) RM-410 treated and un
treated doped barium ferrite and (b) the 
resulting subtracted spectra. 
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(covalent phosphate region) and 2850-2975 cm- 1 (C-H stretch 

region) which matched up well with the RM-410 spectrum. 

These peaks confirmed the presence of the RM-410·dispersant, 

but gave no substantial evidence of complex formation. 

Fig. 6.14 displays the spectra of the DEHPA treated 

particles and the resulting spectrum from subtraction of the 

spectrum of the un-treated particles. Similar to the case 

for RM-410, peaks at 1040 and 1225 cm" 1 (covalent phosphate) 

and 2850-2950 cm- 1 (C-H stretch) on the treated sample match 

those of the DEHPA spectrum. Therefore, while the presence 

of DEHPA on the particles can be validated, the exact nature 

of its bonding with the particle surface was not clearly 

evident. 
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7.1. SPECIFIC INTERACTIONS OF BINDER COMPONENTS WITH BARIUM 

FERRITE 

In addition to dispersants, the other critical 

ingredient of a magnetic ink dispersion is the polymeric 

binder. For the investigations reported in this study, the 

evaluation of binder interactions was broken into two parts. 

First, the interactions of a model for a typical hard 

segment component of a polyurethane-polyester binder, viz. 

hexamethylene di-isocyanate (HMDI), was investigated. 

Second, poly(tetramethylene ether glycol) (TMEG) was chosen 

as a representative soft segment component and its 

interactions were also studied. Hexane was used as a 

solvent (15 to 20 ppm H20). The particles were used as 

received for these studies except where noted (the drying 

treatment will be indicated). 

7.1.1. Adsorption of Model Hard Segment: HMDI 

The adsorption density and molar heat of adsorption of 

HMDI on doped barium ferrite are displayed as a function of 

the equilibrium concentration of HMDI in hexane in 

Fig. 7.1. As with the organo-phosphate dispersants, the 
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calculated molar heats of adsorption were very large (40 to 

65 kcaljmole). The adsorption densi~y was also very high 

(11 to 24 ~molejm2 ) and continued to increase with 

increasing HMDI concentration over the range studied (zero 

to 60 roM). The large adsorption density of HMDI on doped 

ferrite, coupled with the very high heats of adsorption, 

seemed to indicate the presence of a strong chemical 

reaction during the interaction. A plot of the molar heat 

of adsorption versus adsorption density, seen in Fig. 7.2, 

would seem to support this idea since the heat of 

interaction continued to decrease with increasing surface 

coverage instead of leveling off at some finite adsorption 

density. Also, the desorption of the HMDI, measured 

thermally, was found to be very small (2% or less of HOA). 

During HMDI adsorption experiments with the 11 as 

received" particles, it was observed that the initial RID 

response was negative. Since measurements performed with an 

empty bed did not demonstrate this phenomenon, it was 

perceived that this negative signal was due to the release 

of a reaction product or adsorbed water. With the 

refractive index of hexane and water being 1.372 and 1.333, 

respectively, water was considered to be a likely candidate 

based on the chemistry of isocyanate compounds. 

The isocyanate functionality of HMDI has several 

• + + • 1 
resonance structures, R-N=C=O <--> R=N -c =0 <--> R-N=C -o . 

and the reaction of isocyanate with water leads to the 
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formation of carbamic acid. If loosely held, physically 

adsorbed water were present on the surface of the particle, 

this may be the predominant initial reaction or interaction 

which occurred. The subsequent reaction of carbamic acid 

molecules with the surface hydroxyl sites could have then 

occurred by a condensation reaction. This would result in 

the transformed HMDI molecule attaching itself to the 

particle surface by a urethane linkage rather than an iso

cyanate linkage. The water eliminated by this mechanism, 

along with physically adsorbed water that was simply 

displaced, could have been the source of the negative RID 

response in the early stages of these experiments. Such a 

mechanism would lead to a very tightly bound metal/carbamate 

complex on the surface as illustrated in Fig. 7.3. 

The mechanism of chemical reactions involving binders 

used in magnetic media manufacture has recently been 

reported in the literature. 2 The investigation reported 

there was designed to look at cross-linking mechanisms in 

magentic media binders. One conclusion was that their was 

sufficient moisture/hydroxyl groups present in the magnetic 

ink to permit the reaction of the iso-cyanate functionality. 

The product of this reaction was carbamic acid. 
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Figure 7.3: Model of HMDI interaction with barium ferrite 
surface. 



In order to evaluate this possibility, several 

experiments were performed in which th~ particle bed was 
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dried prior to the adsorption measurements. In each case, 

the bed was evacuated at a pressure of 10-2 atm and at a 

temperature of 373 K for one hour and then allowed to cool 

to 308 K. In some cases, the bed was first flushed with 

polar solvents (THF or acetone) in an attempt to wash some 

of the adsorbed water from the particles and then dried 

under vacuum at the elevated temperature. Results obtained 

using these pre-treatment conditions are listed in 

Table 7.1. For comparison, results for the un-dried samples 

performed under similar conditions are also listed in 

Table 7 .1. 

Table 7.1: Adsorption of HMDI on Dried, Doped Barium 
Ferrite 

Treatment Cone., mM kcalfmole, cal JLmolefm2 

none 39.57 51.5, 4.42 19.70 
vac 38.56 35.1, 3.06 19.96 

vacfTHF 38.56 32.5, 2.10 14.83 
vacface 39.71 42.6 ,· 2.63 14.15 

none 60.28 45.8, 4.92 24.60 
vac 60.28 35.5, 3.17 20.3 

vac = vacuum, THF = tetrahydrofuran, ace = acetone, 
none = no treatment, particles as received 

In experiments run using dried samples, the large water 

peak previously observed on the RID was substantially 

reduced. For example, instead of taking 15 minutes to get a 
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positive RID response, it only took 2 to 3 minutes. The 

magnitude, delta RI, of the negative RID peak also decreased 

substantially. The actual amount of heat generated during 

the experiment was also measured to decrease at least 

1.5 calories when the particles were dried. 

Based on the mechanism postulated for HMDI interaction 

with barium ferrite, and illustrated in Fig. 7.3, the 

observations for the dried samples can be explained as 

follows. The drying of the particles removed most of the 

loosely held, physically adsorbed water. Therefore, the 

decrease in the heat of adsorption could be attributed to 

less of the HMDI reacting to form carbamic acid. Less water 

present also led to less water being displaced from the 

surface of the particles and hence the reduction in size of 

the water peak. However, water which was more strongly 

adsorbed on the particles could still react to form the 

carbamic acid intermediate. This compound subsequently 

reacted with surface hydroxyls releasing water of 

condensation. Such a mechanism would explain the continued 

presence of the water peak of the RID signal after the 

drying treatments. Further evidence of the HMDI reacting 

and attaching itself to the particle surface via a urethane 

linkage will be given in the FTIR results in section 7.2. 

Additional measurements of the interaction of HMDI with 

undoped barium ferrite yielded similar results. For 

example, the adsorption of a 19.53 mM solution of HMDI 
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yielded the following results: 0.413 caljm2 , 8.0 ~molejm2 , 

and 51.6 kcaljmole. For comparison, results for the doped 

sample showed for a 19.2 mM solution of HMDI gave the 

following data: 0.874 caljm2 , 13.8 ~molejm2 , and 63.3 

kcaljmole. As with the previous experiments using pyridine 

and the acidic dispersants, the interaction of HMDI 

(converted to carbamic acid) with the undoped barium ferrite 

showed that doped barium ferrite was the more basic surface. 

7.1.2. Adsorption of Model Soft Segment: TMEG 

following the completion of the hard segment 

investigation, the adsorption of a model soft segment for 

polyurethane binders, poly(tetramethylene ether glycol), 

herein referred to as TMEG, was studied. Again, these 

experiments were performed using hexane (15 to 20 ppm H20) 

as the solvent and, unless otherwise indicated, on the as 

received doped barium ferrite particles. 

The adsorption density and molar heat of adsorption as 

a function of TMEG concentration in hexane are displayed in 

Fig. 7.4. Except for the lowest concentration investigated, 

the data fell in the range of 20 kcaljmole for the heat of 

adsorption and 4.5 ~molejm2 for the adsorption density. A 

graphical representation of the heat of adsorption versus 

the adsorption density appears in Fig. 7.5. 
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Similar to the experimental observations made during 

the measurement of HMDI interactions with doped ferr~te 

particles, the initial RID signal was negative, perhaps 

indicating that water was also a reaction product for this 

system. Therefore, as for the HMDI system, steps were taken 

to "dry" the particles before making adsorption 

measurements. These results are listed in Table 7.2 along 

with the data for un-dried samples for comparison. 

Table 7.2: Adsorption of TMEG on Dried, Doped Barium 
Ferrite 

Treatment cone., mM kcalfmole, cal J,Lmole/m2 

none 1. 495 38.2, 0.369 2.23 
vac 1. 492 57.9, 0.502 1. 99 

none 4.115 15.0, 0.309 4.73 
vac 4.085 42.7, 0.489 2.63 

As can be noted from Table 7.2, the molar heat of 

adsorption for TMEG actually increased substantially when 

the particles were subjected to the drying treatment. These 

results were very different from those observed for HMDI. 

Unlike the HMDI system, the drying treatment did not 

cause any significant reduction in the magnitude of the 

water peak on the RID trace. This is illustrated in 

Fig. 7.6. This figure is a trace of the actual FMC and RID 

traces for the dried and un-dried sample while adsorbing 

TMEG. The data for each particle were taken at identical 

attenuations on the FMC and RID for comparison and 
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Traces of FMC and RID response on "as
received" and dried, doped barium ferrite 
during TMEG adsorption/interaction. 



represents an experimental run time of approximately 80 

minutes. 
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As can be seen from Fig. 7.6, heat was evolved at a 

much higher rate on the dried sample. This indicated that 

the presence of loosely bound, physically adsorbed water 

impeded the interaction of TMEG with the surface of the 

barium ferrite. Since the heat of mixing for a regular 

solution is endothermic, one might postulate that the 

lowerheat of interaction on the "wet" surface was due in 

part to the mixing of TMEG with adsorbed water on the 

ferrite particles. The continued presence of the water peak 

in the RID signal indicated that TMEG was reacting with the 

surface hydroxyls by condensation, similar to the 

interaction of HMDI in the form of carbamic acid. 

Figure 7.6 also shows that the response of the RID was 

much slower for the un-dried sample, i.e. it took much 

longer for the RID signal to reach its maximum or plateau 

value. Since the RID is not a specific detector, its signal 

is the net refractive index of the solution passing through 

it. TMEG was a much larger molecule than HMDI, i.e. 650 

gjmole for TMEG versus 168.2 gjmole for HMDI. Therefore, 

relatively slow displacement of physically adsorbed water 

from the surface by TMEG, compared to HMDI, during 

adsorption tests would have the effect of lowering the RID 

signal and increasing the time necessary for the signal to 

reach its maximum. 
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The interaction of TMEG with undoped barium ferrite was 

also investigated. Rnsults for the adsorption of 9.57 mM 

TMEG solution showed the following: 0.025 caljm2 , 2.64 

~molejm2 , and 9.56 kcaljmole. For the adsorption of a 9.78 

mM solution of TMEG on doped ferrite the data were as 

follows: 0.083 c~l/m2 , 4.54 ~molejm2 , and 18.18 kcaljmole. 

Again, these results showed that the surface of doped barium 

ferrite was more basic than the surface of undoped barium 

ferrite. 

7.1.3. Displacement of Dispersant by HMO! 

As mentioned earlier, it was important to determine if 

a polyurethane binder could displace an adsorbed dispersant. 

Since HMO!, the model of the polyurethane-polyester binder 

hard segment, displayed very strong interactions with the 

bare particle surface, its interaction with a dispersant 

coated surface was studied. 

This experiment was initiated by first performing a 

normal adsorption test with 21.4 mM DEHPA on an un-dried 

sample of doped barium ferrite. The calorimetric trace of 

this experiment is displayed in Fig. 7.7. The heat 

generated by the interaction of DEHPA with the ferrite 

particles was 0.546 cal. The solution of DEHPA was then 

replaced by hexane and the bed was washed for 40 minutes. 

The resultant heat due to desorption of DEHPA was 0.005 cal. 
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After the washing/desorption stage, hexane was replaced 

by a 21.4 mM solution of HMDI. The thermal effects during 

this test were very weak compared to the interaction of HMDI 

with the bare, dried or un-dried, particle surface (as shown 

by the dashed line in Fig. 7.7). This experiment was 

recorded at an attenuation setting of 32 on the recording 

integrator, and yet the 11 peak 11 height of the HMDI 

interaction with the DEHPA coated surface was not very 

large. During experiments with the bare ferrite, the 

attenuation was set at 128 and the peak height for HMDI 

interaction/adsorption would often go off scale. This was a 

good indication of the DEHPA/ferrite bond strength, i.e. 

HMDI was not able to displace the dis.persant and have the 

same strong interaction with the ferrite surface. 

Of course, monitoring only the thermal effects of such 

a reaction is probably not sufficient to say that DEHPA was 

not displaced. A better method would have been to examine 

the FMC effluent with a detector able to distinguish between 

DEHPA and HMDI. or, the effluent could have been sampled as 

a function of time and a chromatographic analysis of its 

content performed. Also, in magnetic inks, the binder ls 

present at 4 to 5 times the dispersant concentration. These 

limitations aside, this experiment did show that the 

presence of DEHPA on the surface of the doped barium ferrite 

passivated the surface with respect to interacting with 

HMDI. Therefore, this area certainly warrants further 
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investigations and the compatibility of the dispersant and 

binder should be more fully studied. 

7.2. FTIR STUDIES 

In order to gain additional information on the 

mechanism of interactions, FTIR techniques were used. The 

samples were prepared as described in Chap. 4. The spectra 

were taken at a resolution of 4 cm" 1
, and then "smoothed" to 

a resolution of 16 cm" 1 using the manipulation programs 

available on the instrument. 

7.2.1. HMDI on Doped Barium Ferrite 

Samples for these measurements were also obtained by 

collecting the particle bed after the FMC experiments. The 

spectra for HMDI and Estane 5701 (Goodyear), a polyester

polyurethane binder used in magnetic ink manufacture, are 

shown in Figure 7.8. Since it is believed that HMDI bonds 

to the barium ferrite by a urethane linkage, the binder 

sample is included to point out spectral differences between 

the isocyanate functionality of HMDI and the urethane groups 

of the binder. 

As seen in Fig. 7.8, the conversion of the isocyanate 

functionality of HMDI to a urethane functionality, i.e. 
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H 0 

I II 
R-N=C=O vs. R-N-C-0-(M or H) 

leads to distinctly different spectral features. First, the 

disappearance of the predominant isocyanate peak at 2270 em 

1 of HMO! in the binder spectrum is quite evident. Second, 

the HMO! spectrum showed very weak absorbance in the C=O 

region (1650 to 1850 cm- 1
) compared to the strong peak of 

the binder spectrum at 1725 cm· 1 • Finally, peaks associated 

with N-H bending and stretching, present in the binder 

spectrum at 1525 and 1600 cm" 1 and 3350 cm· 1
, are absent from 

the HMO! spectra. 

The spectra of HMO! treated ferrite and un-treated 

ferrite appear in Fig. 7.9. Also shown is the subtraction 

of the un-treated particle spectrum from the treated 

particle spectrum. The most important feature to note is 

that the isocyanate peak (2270 cm- 1
), the most predominant 

feature of the HMO! spectrum, was extremely small on the 

treated sample. The largest spectral features in the 

subtracted spectra for HMO! treated ferrite are tabulated 

below. 
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Table 7. 3: IR Peaks For HMDI Treated Doped Barium 
Ferrite 

Wavenumber, cm-1 Region 

3300 OH & NH str. 
2920, 2850 CH str. 

2270 X=C=X 
1700 C=O str. 

1640, 1570, 1510 NH bend 
1270 co & CN str. 

These spectral features, the appearance of NH, c-o, and C-N 

stretching frequency peaks, may be evidence for the presence 

of a urethane linkage on the surface of the particles. If 

this is the case, then the interaction of HMDI with the 

doped barium ferrite caused a radical change in chemical 

nature of the model hard segment (HMDI) . 

7.2.2. TMEG on Doped Barium Ferrite 

The spectrum of TMEG (neat film on KBr) is shown in 

Fig. 7.10. The major absorbance peaks for TMEG were at 

3450 cm" 1 (OH str.), 2850-2950 cm" 1 (CH str.), 1380 cm" 1 (OH & 

CH bend), and 1112 cm" 1 (CO & cc str.). 

Both the spectra for the TMEG treated and un-treated 

doped barium ferrite sample are shown in Fig. 7.11. The 

subtraction of the un-treated particle spectrum from the 

treated particle spectrum is also shown in this figure. 

From the subtracted spectrum, peaks at 3450 and 2850-2950 

cm· 1 matched well with peaks in the TMEG spectrum. However, 
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Figure 7.11: FTIR spectra of (a) TMEG treated and un
treated doped barium ferrite and (b) the 
resulting spectrum from subtracting the un
treated spectrum from the treated spectrum. 
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the peak at 1035 cm" 1 would appear to be the 1112 cm" 1 peak 

of TMEG shifted by approximately 80 cm" 1
• Assuming the peak 

at 1112 cm" 1 for TMEG was for c-o stretching, this shift 

indicated that the TMEG was bonding to the barium ferrite 

surface via its alcohol functionality. This would support 

the previously presented idea that TMEG bonded to the 

ferrite surface by a condensation reaction of its alcohol 

end group and surface hydroxyls. 
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CHAPTER EIGHT 

CALCULATION OF INTER-PARTICLE INTERACTIONS 

As pointed out in Chap. 3, it is the summation of 

inter-particle forces which determines the stability of a 

dispersion of colloidal particles. Calculations which 

evaluated these forces for cylindrical cro2 particles have 

been carried out previously. 1 The magnetic interactions 

have been added to these previous results and are presented 

graphically in Fig. 8.1. In addition, new calculations were 

performed to evaluate the interactions of plate-like 

particles, i.e. barium ferrite. These results are shown in 

Fig. 8.2. 

The most obvious result of these calculations was that 

the attractive magnetic forces, based on single particle

single particle interactions, tend to overwhelm the 

repulsive (electrostatic) forces present in the systems 

modeled. Obviously, if this were indeed the case, it would 

be very difficult, if not impossible, to prepare a stable 

dispersion of magnetic particles. Therefore, it would seem 

likely that in a concentrated dispersion of magnetic 

particles the magnetic interactions are not between 

individual particles, but between small agglomerates of 

particles whose net magnetic field is close to zero. The 

magnitude of the magnetic interactions calculated for the 
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Figure 8.1: Potential ene~gy of interaction diagram for 
cylinctrical·particles. 
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case of agglomerated particles would be much less than those 

calculated on a single particle basis. Such calculations 

are really outside the scope of this study, but would be 

worthwhile to consider in future evaluations. 
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CONCLUSIONS 
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Based on the results of th~ experimental investigations 

~eported in this work, the following conclusions can be made 

regarding the magnetic particles studied. 

1) The surface of Cro2 , stabilized or unstabilized, 

is very acidic, especially compared to non-magnetic Cr2o3 • 

The greater acidity of the cro2 ~articles is most likely due 

to the presence of chromium in the (+IV) and (+VI) valence 

on the particle surface. The surface chemical differences 

between stabilized cro2 , un-stabilized cro2 , and cr2o3 were 

found to be consistent when evaluated by two independent 

measurements (electrophoretic mobility and pyridine 

adsorption). The particles may be ranked, in order of 

increasing surface acidity, in the following manner: 

cr2o3 << stabilized cro2 < un-stabilized cro2 • 

2) Cobalt and titanium doped ba~ium ferrite particles 

exhibit less surface acidity than undoped barium ferrite 

particles. The difference observed in this study between 

the doped and undoped ferrites was most likely due to a 

large difference in their surface oxidation state. XPS 

measurements showed that the surface region of the undoped 
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sample used in these studies was in a very reduced state. 

The properties that this reduced state imparted on the 

undoped sample, hence the observed differences between doped 

and undoped barium ferrite, were correlated by 

electrokinetic measurements and by the molar heat of 

adsorption of pyridine, organo-phosphate dispersants and 

models of the hard and soft segments of a polyester

polyurethane binder. 

3) The adsorption data for organo-phosphate 

dispersants on both doped and undoped barium ferrite 

indicate the formation of surface complexes due to the high 

heat of adsorption. Further evidence for this was found by 

measuring shifts in the Fe 2p312 binding energy using XPS. 

The binding energy decreased from the expected value of 

approximately 711 ev to around 709 eV when undoped barium 

ferrite and gamrna-Fe2o3 were treated with one of the organo

phosphate esters. XPS peaks for Fe obtained during the 

analysis of an iron/phosphate compound formed adding ferric 

chloride to an aqueous solution of organo-phosphate·showed 

similar. results; the formation of the iron/phosphate ester 

compound loft the iron in a reduced state. 

4) The adsorption of a model hard segment of a 

polyurethane-polyester binder, hexamethylene di-isocyanate, 

on doped barium ferrite indicated a complex reaction 
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mechanism. Namely, HMDI first reacted with adsorbed water 

to form a carbamic acid molecule. This was followed by 

reaction of the carbamic acid with the particle surface via 

a condensation mechanism. This resulted in the bonding of 

the carbamic acid molecule to the particle surface by a 

urethane linkage, as evidenced by FTIR studies. 

5) The adsorption of a model soft segment of a 

polyurethane-polyester binder, tetramethyl ether glycol, 

took place by a condensation mechanism. A strong shift in 

the c~o stretching frequency of TMEG when adsorbed on the 

doped ferrite particle provided evidence for this mechanism. 




