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ABSTRACT 

The interaction of commercially available, iron based magnetic particles with 

certain particulate media formulation components was investigated using the 

technique of flow microcalorimetry. The heat of wetting of these particles by 

solvents was found to be a function of the solvent dipole moment, particle coercivity 

and surface area. Di(2-ethyl hexyl) phosphoric acid, a model dispersant, appeared 

to interact chemically with an iron particle of high coercivity. Solvent basicity 

influenced the heat and extent of interaction of the dispersant. Characterization of 

the interaction of a vinyl acetate-vinyl chloride copolymer that combined the 

functionality of a dispersant and a binder was also carried using the techniques of 

calorimetiy and X-ray photoelectron spectroscopy. 
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CHAPTER 1 

INTRODUCTION 

Particulate magnetic media have dominated the magnetic recording industry 

over the past five decades because these media can be easily and inexpensively 

manufactured on a large scale (1). Production of high performance media requires 

consistent and uniform magnetic characteristics over the entire media surface. This 

can be done only if the suspension of the magnetic particles that coat the rigid or 

flexible substrate is well dispersed. 

Particulate magnetic media are typically cast from a milled non-aqueous slurry 

(often called "magnetic ink") onto a polymer or metal substrate. This "magnetic ink" 

consists of magnetic particles, solvent(s), dispersant(s), binder(s) and other additives. 

To improve the quality and performance of magnetic media, the industry has been 

investigating the use of particles based on iron and iron nickel alloys which have high 

coercivities and magnetic moments. Typically, these particles consist of an acicular 

metallic core covered with a passive oxide layer of -30 to 60 A in thickness to retard 

the oxidation of particles (2). 

Interfacial phenomena such as wetting by the solvent and adsorption of 

dispersants and binders are critical to the preparation of a stable dispersion of 

magnetic particles with minimal magnetic agglomerates. One technique to study 
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solid-liquid interfacial phenomena involved in the preparation of magnetic 

dispersions is flow microcalorimetry (3,4). Using this technique, the thermal effects 

associated with interfacial processes such as wetting, adsorption and displacement can 

be investigated, and from the magnitude of heat values very important conclusions 

can be drawn on the physico-chemical nature of solid-solvent-solute interactions. 

This thesis discusses the results of microcalorimetric and adsorption 

measurements made on selected passivated metal particles currently evaluated by the 

magnetic media industry. 
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CHAPTER 2 

BACKGROUND 

2.1 Interaction Forces in Particulate Dispersions 

The magnetic particles used for recording purposes are submicron in size and 

therefore in the colloidal size regime. The stability of a dispersion of these particles 

in a liquid medium is affected by the nature and magnitude of interaction forces 

between particles. These forces are: 

(a) van der Waals (attractive), 

(b) magnetic (attractive), 

(c) electrostatic (repulsive), and 

(d) steric (repulsive). 

2.1.1 Van der Waals Forces 

Colloidal particles usually exert long range attraction upon one another due 

to van der Waals (VDW) forces (5). VDW forces between macroscopic particles are 

a summation of London, Debye, and Keesom forces of molecular origin (6,7). 

Expressions for the VDW energy of interaction in vacuum between two cylindrical 

particles (e.g. Cr02, metal particles) and between two plate-like magnetic particles 

(e.g. barium ferrite) are given in Table 1. The liquid medium in which the particles 
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Table 1 

Van der Waals Interaction Energy Between Cylindrical 
and Platelike Magnetic Particles 

Van der Waals Interactions 

Cylindrical: 

Platelets: 

i .J !_ 
I 2  (1+26) 2  (1+f i ) 2 ,  

A = Hamaker constant, L = length, b = radius, 1 = surface to 
surface separation, S = thickness 

^Vdw ~ 
12* 
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are dispersed usually modifies this attractive energy. This effect is considered by 

using an 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 particle. Typical values of the effective Hamaker constant lie in the range 

10"21 to 10"19 J at 298 °K. The VDW attractive energy decreases with the 1.5 power 

of separation distance for cylindrical bodies, and with the square of separation 

distance for platelets. 

2.1.2 Magnetic Forces 

By virtue of their magnetic nature, a dispersion of magnetic particles 

experiences strong attractive forces. Expressions for the magnetic interaction energy 

between two cylindrical particles and between two plate-like particles (8) are given 

in Table 2. It can be seen that the magnetic energy is proportional to the square of 

the particle volume and magnetization, and inversely proportional to the separation 

distance between two particles. Choosing small particles with a low magnetization 

(Ms) and keeping a large interparticle distance (D) can minimize the magnetic 

attractive energy. However, reducing Ms and increasing D would typically result in 

a poor quality, low recording density tape. Therefore, the more sensible strategy is 

to use smaller particles. 
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Table 2 

Magnetic Attractive Energy Between Cylindrical 
and Platelike Magnetic Particles 

Magnetic Interaction 

Cylindrical: 

^mag -
(M V)2 

(2 cos a cos 0 - sin a sin 0) 
4JT/ I0D 3  

Platelet?: 

=  _ ( M s V ) 2  

mag 4TTM0D 3  

Ms = Magnetization, V = Particle volume, 4jt/li0 = 1.58 x 10"s 

H/m, D = Center to center separation, a = angle formed by 
cylinder 1 with some reference, /3 = same for cylinder 2 
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2.1.3 Electrostatic Forces 

One type of repulsive force present in dispersions of colloidal particles is 

electrostatic in nature. Since like charges repel, it is an important component when 

discussing dispersion stability. Charges on particles can arise from many different 

sources, such as preferential adsorption of inorganic or surfactant ions, dissociation 

of surface groups and acid-base interactions with the dispersion medium (9). 

Irrespective of how this surface charge is developed, its presence results in the 

formation of an electrical double layer around the particles. The interaction of the 

electrical double layers of individual particles leads to electrostatic repulsion. 

For cylindrical (10) and plate-like (11) particles, expressions for the potential 

energy (in Joules) of electrical double layer interaction as a function of interparticle 

separation are given in Table 3. It can be seen that the electrostatic energy of 

interaction depends on surface potential (ifr0) on the particle, double layer thickness 

(1/K) and certain physical constants of the liquid. The electrostatic repulsion energy 

decreases as the ionic strength of the liquid medium increases. 

Expressions for the electrostatic, magnetic and VDW interactions between 

magnetic spheres coated with a non-magnetic layer have been developed (12). Using 

the DLVO theory (developed by Deryagin, Landau, Verwey and Overbeek), Chan 

et al. showed that uncoated spheres of size >5 nm did not form a stable dispersion. 

However, they did not consider the contribution of steric repulsion forces to 

dispersion stability in their analysis. 
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Table 3 

Expressions for the Electrostatic Energy of Interaction 
Between Cylindrical and Platelike Magnetic Particles 

Electrostatic Repulsion 

Cylindrical: 

- Vb 
Lef 7T 

m 

J (exp (KX 2  +  
0 

KD ) + l)_1dX 

Platelets: 

«el = 6 4 e x p  (  
K 

-I K) 

L = length, b = radius, 1 = shortest distance between the 
surfaces of the cylindrical particles, D = distance between 
particle surfaces, e = dielectric constant, i|r0 = surface potential, 
K = inverse double layer thickness, X = (D-l)1/2, % = of ions per 
cc. 

Y0 = 

/ > 

exp - 1 
V 2kT J / 

• \ 
ZQ% ! exp +1 

F 2kT J 
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2.1.4 Steric Forces 

Stabilization of dispersed colloids by steric repulsion is achieved when an 

adsorbed polymeric layer on the particle surface prevents the particles from 

flocculating. The best steric stabilizers are amphipathic in nature, having both 

hydrophilic and hydrophobic functionalities. In organic solvents of low dielectric 

constant, the hydrophilic portion of the polymer serves as an anchor for the molecule 

on (inorganic) particles because it is strongly adsorbed or chemically bound to the 

particle surface. The stabilization mechanism is due to the overlap of the 

unanchored part of the polymeric chains on particles. 

Many theoretical expressions are available for the calculation of steric 

repulsion energy between particles with adsorbed polymer layers (13,14). These 

expressions have been developed only for spherical particles. The most widely used 

expression (15) is given in Table 4. Calculation of repulsive interaction energy using 

this equation requires information on quantities such as volume concentration of a 

polymer in the adsorbed layer, polymer density and adsorbed layer thickness; all of 

which are difficult to measure accurately. It can be seen from the equation in the 

table that the repulsive energy is proportional to the square of the difference 

between the adsorbed layer thickness (6) and half the closest distance of separation 

between the particles (H/2). Most researchers have approximated this interaction 

energy as a "hard wall" repulsion, i.e. the repulsive energy is zero for H > 26 and is 

infinity for H < 26. 
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Table 4 

Steric Repulsive Energy Between Two Spherical Particles 

AGst = Steric repulsive energy, C = concentration of the polymer 
in the adsorbed layer, Vj = molecular volume of solvent, p2 = 
density of the adsorbate, il^ = entropy parameter, Kj = enthalpy 
parameter, S = adsorbed layer thickness, H = closest distance of 
separation between particles. 

Steric Interaction 

4jrkTC 
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2.1.5 Summaiy of Interaction Forces 

The basic colloidal interactions in dispersions of magnetic particles in non

aqueous media have been reviewed (16,17). A potential energy diagram (18) 

representing the total interaction energy for a colloidal system of magnetic particles 

is shown in Figure 1. For the dispersion to be stable, the total of the attractive and 

repulsive forces must be positive (repulsive). It can be noted from Figure 1 that the 

magnetic attractive energy is several orders of magnitude higher than the electrostatic 

repulsive energy. When the steric repulsive energy comes into play at an 

interparticle distance <26, it should overcome the strong magnetic attractive energy 

to provide stability against flocculation. Thus, in magnetic dispersions, the initial 

stabilization (before the addition of a binder) is probably electrostatic in nature 

because 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. 

Since magnetic and VDW attractive forces depend on particle size, 

improvements in dispersion quality and stability can be achieved by choosing very 

small particles as described in §2.1.1. The reduction in particle size not only 

improves the dispersion stability but also provides higher signal-to-noise ratios, higher 

maximum transition density, and smoother surface of the media cast from such 

dispersions (19,20,21). However, particle size reduction is limited because the 
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Electrostatic 

Magnetic 

VDW - short range 

Fig. 1 Interaction energy vs. separation distance for 
cylindrical magnetic particles (Ms = 70 emu/gm, 
particle volume = 2.95 x 10*23 m3). 
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magnetization against the randomizing effects of thermal energy must be stabilized. 

Particles become superparamagnetic at a size below Vp (critical volume), given by 

v>=  , n  ( 2 , y  i&k (1) 

where t is the time period of observation (duration of measurement), ^ is the Larmor 

frequency (= 109 s"1), is the spontaneous magnetization, and Ha is the total 

anisotropy field. Another approach to improving stability of magnetic dispersions is 

to enhance steric and electrostatic repulsions by selecting the most suitable 

dispersants and binders. 

2.2 Production of Magnetic Recording Media 

Two major techniques are used for the manufacture of magnetic recording 

media: "thin-film" and "particulate." Each creates a magnetizable layer on the 

surface of a non-magnetic support material. The support can be a thin plastic film 

(typically polyethylene terephthalate (PET)) in tapes, a thicker plastic film for 

flexible ("floppy") disks, or an aluminum plate for rigid disks. The conventional 

procedure of manufacturing a particulate magnetic recording medium (Figure 2) 

starts with the dispersion of magnetic particles in a liquid medium consisting of 

solvent(s), dispersant(s) and binder(s), called the dispersion process. Lubricants (to 

assure good frictional properties of the finished medium), a cross-linker (to improve 
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the mechanical strength of the final coated film), anti-static agents, and non-magnetic 

fillers are generally added before coating. 

The magnetic ink is coated onto a web by several different methods. In 

flexible media, the dispersion is spread onto a moving strip of the support film by a 

rotating drum that carries a metered amount of the fluid or by a die that extrudes 

a continuous fluid curtain. If the intended product is a tape, then the still-wet 

coating passes through a magnetic field to obtain the magnetic orientation. If flexible 

disks are to be punched from the resulting coating, this orientation step is not used. 

In fact, a magnetic environment that usually randomizes the particle preferred axes 

is sometimes substituted because most magnetic particles are elongated and often 

acquire an orientation from fluid forces occurring in coating. However, rigid disks 

are coated individually by introducing the dispersion onto the rapidly spinning 

support material, and then subjected to circumferential orientation by being rotated 

past permanent magnets. After a tape coating has dried, it is usually subjected to 

pressure treating between rollers (calendering) to achieve a smoother, denser surface 

before being slit into the desired width. Coatings intended to be punched into 

flexible disks are sometimes polished or burnished, as are rigid disks. 

After coating and orienting, the magnetic medium enters a drying oven, where 

all the solvents are evaporated leaving a coated web of storage medium. The 

magnetic particles usually constitute 20-50 percent of the dried coating volume. The 
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typical dried coating thickness range from 0.25 jum (rigid disk) to ~ 12 nm. (audio 

tape). 

2.3 Materials 

2.3.1 Magnetic Particles 

The magnetic particles used in the particulate magnetic recording media 

should satisfy some primary requirements. First, the retained magnetization intensity 

of the tape or disk coating should be sufficiently high, since it determines the 

strength of the field sensed by the readback head. The retained intensity, or 

retentivity, depends on the intrinsic magnetization of the material in the coating and 

on the preferred directions of magnetization in this material. The second major 

requirement relates to the field strength needed to cause magnetic reversal of the 

material in the coating. This strength is generally characterized by the coercivity 

(Hc). The coercivity must not be so large as to prevent successful writing. On the 

other hand, it must be large enough for the material to resist unwanted changes or 

degradation of the signal during the required storage time. Therefore, coercivity 

requirements usually increase as the recording density decreases. 

As mentioned in §2.1.5, magnetic particles should be small enough to contain 

single domains. However, extremely small units exhibit superparamagnetic behavior 

and do not allow stable magnetization. 
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Particles used in magnetic recording media are typically gamma iron oxide (y-

Fe203), cobalt modified Y-Fe203, chromium dioxide (Cr02), barium ferrite 

(BaFe12019) and metallic particles. Since metallic particles based on iron and iron 

nickel alloys are currently investigated by the magnetic media industry, the methods 

for the production of these particles will be discussed below in some detail. 

2.3.1.1 Metallic Particles 

Iron particles play an important role in the magnetic recording media because 

they are characterized by a very high magnetization (Ms = 120 emu/gm, vs an Ms 

= 70 emu/gm of y-Fe203), and a high coercivity (Hc = 1500 Oe, vs an Hc = 300-400 

Oe of y-Fe203). The disadvantage of this type of particle is the necessity of a surface 

layer for protection against the tendency to rapid oxidation. The oxidation of particle 

surfaces reduces the average magnetization intensity of the particles to approximately 

one-half of the value for bulk iron, which is 1700 emu/cm3. 

Many methods have been reported for the production of metal particles 

suitable for recording (22, 23). One is the reduction of iron salts in solution by 

strong reducing agents (24). Another is condensation of vaporized metal using 

arbitrary alloy compositions (25). However, the only method chosen for commercial 

applications today is the reduction of acicular particles of oxides, oxalates, or 

oxyhydroxides by hydrogen (26). The reduction takes place in two steps: 

3Fe203 + H2 - 2Fe304 + H20 (2) 
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Fe304 + 4H2 « 3Fe + 4HzO (3) 

After synthesis, the particles are typically exposed to a carefully controlled 

atmosphere of oxygen, nitrogen, or air and passivated at low pressure against 

oxidation. The resulting oxidized surface layer is typically 30-60 A thick and 

primarily consists of y-Fe203 and amorphous Fe304 (2, 27). These oxides can be 

present as very small superparamagnetic crystals, which reduce the net magnetization 

of the surface layer. Antiferromagnetic compounds (a-Fe203, FeOOH) also can 

make up part of the layer. The technology of metal particle production involves a 

variety of additives and alloying elements. Silica and alumina are common agents 

used to prevent fusing (sintering) of the particles during the required heating 

processes (28, 29). Zinc is often added to prevent corrosion of particles. 

Apart from the application in high-coercivity recording media, attempts have 

been made to use the higher saturation magnetization in existing audio and video 

recording systems that are designed for coercivities between 560 and 750 Oe. 

However, to get these low coercivities, the particle diameter, which controls Hc, and 

therefore the particle volume, becomes too large for reasonable noise values. In 

addition, the switching-Held distribution (SFD) increases with decreasing Hc because 

of the less uniform magnetization reversal mode. So, a compromise solution has 

evolved by keeping the particle dimensions constant and reducing the saturation 

magnetization. This is done by alloying with Ni or forming Fe4N. 
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With the development of the metal-in-gap ferrite head that can provide the 

strong writing fields needed for metal particle media having coercivities in the area 

of 1500 Oe, metal particles have been successfully used in high-density recording 

media such as the rotating digital audio tape (R-DAT) and the 8-mm video tape. 

However, the high magnetization values of metal particles imply a somewhat strong 

magnetic attraction. Therefore, a suitable choice of dispersants and binders to 

disperse these particles is very important in the production of particulate magnetic 

recording media. 

2.3.2 Binder 

The binder used in magnetic recording media should lend itself to a high 

volumetric packing fraction of the particles and, in combination with the particles as 

a filler, must have high flexibility, high elasticity, high wear resistance, and low 

friction on metal or plastic substrate surfaces. These partially contradictory 

requirements often make it necessary to use mixtures of compatible polymers and 

plasticizers. For instance, polymers with a lower molecular weight lead to smoother 

dispersions, with a higher volumetric packing fraction of the particles, but are less 

wear-resistant and show higher friction values. Thus, cross-linking or radiation curing 

after dispersion and coating is often used to improve these properties. For flexible 

recording media, copolymers of vinyl chloride, polyurethane and epoxy are often 

used. 
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2.3.3 Solvent 

The solvent, or solvent system, selected for a chosen binder system is one that 

most economically holds the solubles in solution and maintains the magnetic particle 

dispersion. It should be organic, nontoxic, and reasonably fast-drying; although too 

rapid an evaporation rate can cause problems in the coating and the drying process. 

Thus, combinations of solvents having different boiling points are often used. Methyl 

ethyl ketone, methyl isobutyl ketone, tetrahydrofuran and cyclohexanone are typical 

solvents used at this time. 

2.3.4 Dlspersant 

To get a stable dispersion, flocculation and aggregation must be prevented. 

Thus, the magnetic particles must be enveloped by a stabilizing agent that prevents 

further intimate contact between them. These molecules typically have polar groups 

and form an adsorbed layer on the particles. The stabilizing action is provided by 

electrostatic repulsive forces that arise due to charging of the particles and entropic 

effects that depend on the thickness of the adsorbed layer, the structure of the 

molecules, and the configuration of the polar groups. 

In addition, active dispersants of low molecular weight with hydrophobic and 

hydrophilic groups are used. The hydrophobic groups usually consist of a 

hydrocarbon chain with 6 to 30 C atoms. The hydrophilic groups, which react with 

the particle surface, are either ionic or have a dipole moment. There are two types 
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of ionic dispersants: (a) anionic, such as carboxylates, sulfonates, and phosphates; 

and (b) cationic, such as quaternary ammonium salts, and imidazolinium salts. All 

dispersants must be carefully selected and their amount chosen with respect to the 

surface chemistry of the particles and the binder system used. 

2.4 Flow Microcalorimetry 

The nature and extent of interaction between magnetic particles and a 

dispersant or a binder can be quantified using the technique of flow microcalorimetry 

(FMC). The equipment used for this technique is similar to the equipment used for 

liquid/solid chromatography; however, instead of attempting a separation, FMC is 

used to measure the heat of interaction of a solute with a small column of packed 

particles (30). Small thermistors present in the packed column are used to measure 

small temperature changes when a solute adsorbs or desorbs from a particulate 

surface. The quantity of adsorbed solute may be determined by passing the effluent 

from the FMC through a concentration detector (Refractive Index - RI or UV). The 

observed heat can be coupled with the adsorption density information to calculate 

a molar heat of adsorption that is useful for comparing adsorption of identical solutes 

on different surfaces. The technique has been well documented in the literature 

(31). 

The FMC has been used to investigate thermal effects accompaning 

adsorption/desorption, immersion, and mixing (32). In order to understand specific 
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solute/solid interactions and surface chemical nature of solid surfaces, Fowkes and 

his co-workers (4,9) studied the adsorption of acidic and basic probe molecules from 

neutral solvents onto various inorganic particles using FMC. In a similar study, the 

adsorption of pyridine onto a-ferric oxide from cyclohexane has been investigated by 

Joslin (33). The FMC technique has been used to characterize Y-Fe203 and Cr02 

by Hudson and Raghavan (3). They also examined barium ferrite particles using 

pyridine and 4-nitrophenol as molecular probes (34). The interactions of dispersants 

and model binder components with barium ferrite has also been measured using this 

technique. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Magnetic Particles 

Samples of commercially available passivated metal particles and other types 

of magnetic particles (barium ferrite, gamma iron oxide, and chromium dioxide) were 

used in this research. The physico-chemical and magnetic properties of these 

particles are tabulated in Table 5. The remaining composition of each particle in 

Table 5 is oxygen. All samples were stored in glass bottles inside a dessicator 

containing a drierite absorbent. Samples of passivated iron particles were received 

in the form of small chunks and could not be used as received. They were carefully 

ground in a mortar and pestle inside a glove box filled with nitrogen and sieved. The 

200x400 mesh fraction was used for the flow calorimetric experiments. 

3.1.2 Solvent 

HPLC grade tetrahydrofuran (THF), methyl ethyl ketone (MEK), and hexane 

were purchased from Fisher. All solvents were stored under 3 A molecular sieves 

(activated at 300 0 C for at least 3 hours). 



Table 5 

Physico-chemical and Magnetic Properties of Particles 

Chemical Analysis (%) 
Hc Sw Hc 

Particle (m2/gm) (Oe) Fe A1 Ni Zn Si 

#1 33.0 891 57.0 0.021 32.0 0.13 0.61 
#2 22.9 717 59.7 0.015 28.4 0.11 0.73 
#3 59.9 1500 79.2 2.42 3.34 1.55 0.64 
#4 44.0 1330 73.7 1.17 0.14 <0.012 1.32 
#7 55.6 1450 80.1 3.47 0.35 0.019 0.46 

Fe Ba Co Ti 

BaFe12019 44.0 650 50.8 11.71 3.81 3.29 
CrOa 21.4 500 
Y-Fe203 18.8 325 
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3.1.3 Dispersant 

Reagent grade di(2-ethylhexyl) phosphoric acid (DEHPA) was used as the 

model dispersant and was purchased from Sigma. The molecular weight of DEHPA 

is 322.3 g/mole and its structure is shown below: 

STRUCTURE 

CH,CH2 

I 
CHSCHCH2CH2CHCH2 0 

X / p 
o7 \ 

CHJCHCHjCHJCHCH/ OH 

CHsCH2 

3.1.4 Binder 

A wetting binder, UCARMAG 527, was obtained from Union Carbide 

Corporation and used as received. According to the manufacturer, this is a vinyl-

acetate-vinyl chloride copolymer containing carboxyl and hydroxyl functional groups 

with an average molecular weight of 68,000. The hydroxyl content was approximately 

1.8% by weight. 
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3.2 Methods 

. The characterization of the surface of the metal particles was attempted using 

the technique of X-ray photoelectron spectroscopy (XPS or ESCA) using MgKa x-

rays. A VG ESCALAB II instrument was used to make the measurements. 

The surface area of the magnetic particles were measured using a Monosorb 

single point BET instrument made by Quantachrome Corporation with nitrogen as 

the adsorbate. 

The water content of the solvents was measured with a Karl Fisher model 392 

automatic K-F Titrimeter. Typically, an electrode with dual platinum sensors is 

immersed in a sample solution and connected in series with a microammeter and a 

dc voltage source. A polarizing voltage is applied while the K-F reagent is slowly 

added, until eventually all sample water has been consumed in the reduction of 

iodine by sulfur dioxide. In the absence of water, the free iodine in the titrant is no 

longer reduced to iodide, and is therefore present as an efficient current carrier. The 

resulting large standing current is then observed by the microammeter as a sharp 

endpoint indication. The water content was then calculated by the following 

equation: 



where VT is the titrant volume dispensed, Ws is the sample weight and F is the water 

factor determined by titrating water in methanol. The water content of 

tetrahydrofuran was measured using the standard Karl Fisher reagent as titrant and 

methanol as solvent. In the case of methyl ethyl ketone, Hydranal-composite/5K and 

Hydranal working medium K were used as titrant and solvent, respectively. 

A schematic sketch of FMC set up is shown in Figure 3. FMC experiments 

were carried out with a Microscal Mark 3V Flow Microcalorimeter. The FMC 

experiment started with installing the outlet connector into the sample cell, which 

had a 0.2 nm Teflon filter on the retention screen to prevent the loss of ultra fine 

particles during the experiments (Fig. 3). With the inlet connector removed, the 

weighed particles were loaded into the sample cell using a long, stainless steel funnel. 

Then, the funnel and the outlet connector were tapped continuously as the particles 

were slowly poured into the sample cell. This helped ensure an even packing of the 

particle bed. The optimum sample weight was -0.07 to 0.12 gm of 325x400 mesh 

powder depending on the specific surface area of the sample. 

After the particles were loaded into the bed, the inlet connector was slowly 

installed, and then whole assembly was heated and evacuated as desired under 

predetermined conditions. The typical drying procedure used was as follows. The 

temperature of the cell was raised to the desired temperature under a vacuum. After 

a vacuum of 10"2 torr was attained, the particles were held at the elevated 

temperature for at least two hours. Next, the temperature of the cell was lowered 
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to 35 ± 2 °C and a stream of dry argon was introduced while the vacuum was 

disconnected. The small flow of argon prevented the particles from extruding up the 

inlet connector during disconnection of the vacuum. 

The heat of wetting studies were conducted by allowing a solvent at a flow 

rate of 6.6 ml/hr to wet the dry bed. The heat of wetting peak was recorded by the 

computing integrator. The solvents used for the FMC experiments were degassed 

before use. This was done by placing a vessel containing the solvent into an 

ultrasonic bath for 3 minutes. Then, the solvent was vacuum filtered through a 0.2 

jum Teflon filter and held under vacuum for 10 minutes. This treatment helped 

remove the dissolved gasses in the solvent effectively and prevented the formation 

of bubbles that can interfere with the refractive index detector. 

The FMC was calibrated by using a special outlet connector that had a 

Nichrome wire coil mounted just above the retention screen. After the equilibrium 

stage for the particles in the flowing solvent was established, an electrical current was 

applied to the coil and the response of the bed was recorded on the computing 

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

the bed could then be used as a conversion (cal/unit area of peak) factor to obtain 

the heat of wetting or heat of adsorption during the actual experiments. A detailed 

evaluation of the FMC calibration method concluded that calibration must be 

repeated for any changes in sample size, sample type, or flow rate. 



The heat of adsorption experiments were done after the particle bed reached 

the thermal equilibrium with the solvent. The flow rate of solvent was first increased 

to 12 ml/hr to ensure even packing of the bed. Simultaneously, the effluent from the 

bed was connected to the sample inlet of a Waters 401 RID. After several minutes, 

the outlet of the RID sample cell was connected to the inlet of the reference cell, 

and both solution paths of the cell were flushed. After the RID signal was stabilized 

at zero volts, i.e. reference and sample cell signals were identical, the solvent flow 

rate was reduced to 6.6 ml/hr and the RID reference cell was disconnected from the 

sample cell outlet. The RID can be operated either with a trapped or flowing 

reference. The results in this thesis were obtained using a trapped reference. 

After the FMC equilibrated, the solution was introduced into the sample cell 

by switching the changeover valve. The time of switching was marked on the chart 

recorder to give the RID reference point. This reference point allowed for the time 

lag between the solution hitting the bed and reaching the RID. 

The determination of the adsorption consisted of passing a solution of known 

concentration through an empty bed in the FMC and recording the RID response. 

By repeating this test with a bed of particles in the FMC, the amount of solute 

species adsorbed can be calculated using the following relationship: 
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t=«* 

amount adsorbed (grams) = (flow rate) x J [Ce(t) - Cb(t)]dt (5) 
t-0 

where Ce(t) and QXt) are the concentrations of solute in the effluent stream from the 

FMC in the absence and in the presence of the particle bed, respectively, and t* is 

the time at which the concentration of the effluent from the bed equals the inlet 

concentration. Figure 4 shows a typical output from such an experiment, with the 

shaded area between the curves representing the amount adsorbed. Adsorption data 

are reported as /imole/m2. The molar heat of adsorption can be calculated from the 

adsorption and heat data and is reported in kcal/mole. The maximum sensitivity and 

reproducibility of flow microcalorimetry are 1 calorie and 2% error, respectively. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

The experimental results will be presented in two major parts: 

(1) measurements of the heat of wetting of different magnetic particles by 

solvents using FMC, 

(2) characterization of the physical chemistry of interaction between samples 

of a high surface area, high coercivity, passivated metal particle and a 

model dispersant and a wetting binder. 

4.1 Characteristics of Metal Particles 

The surface areas of the #1, #2 and #3 iron particles outgassed at 35 °C 

were 33,23, and 59.9 m2/gm, respectively. They were measured using a single point 

BET with nitrogen as the adsorbate. 

The characterization of the surface of the metal particles was attempted using 

the technique of X-ray photoelectron spectroscopy (XPS or ESCA). Figures 5 and 

6 are the spectra for particles #1 and 3. The XPS spectra of particle #1 contained 

Auger and 2p peaks for nickel while that for particle 3 contained very weak peaks 

for Ni and Zn. All samples showed Fe 2p peaks at binding energies of 710.65 and 
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724.3 eV. Since the binding energy of Fe 2p3/2 peak in Fe203 and FeO has values 

of 711.2 eV and 709.7 eV, respectively, it appears that the iron passive layer on the 

particles was perhaps in an oxidation state less than three. The difference in binding 

energy between Fe 2p1/2 and Fe 2p3/2 was ~13.6 eV. 

The morphology of the iron particles #1 and 3 was studied using a high 

resolution transmission electron microscopy (TEM). The TEM images of the 

particles were taken on a Philips 420 TEM at an accelerating voltage of 80 kV. The 

sample was prepared by immersing the holey carbon grid with a dilute slurry of the 

particles in tetrahydrofuran. 

Figures 7 and 8 show a group of particles #1 and 3 at a magnification of 

60,000 and 175,000X. The length of the #1 and 3 iron acicular particles was about 

0.28 Aim and 0.15 /xm, respectively, while the aspect ratio of both particles was 10:1. 

The surface oxide layer, which has a lighter color than the core on particle #1, can 

be clearly identified in Figure 9. It can be seen that these particles contain an iron 

core of 120 A in diameter with a ~30 A thick surface layer. Accidentally, it is found 

that the oxide layer had thickened to ~60 A after some duration from the first shot 

(Figure 10). This may have been caused by the high energy electron beam that 

perhaps rendered the particle surface more active and caused further oxidation of the 

core. 
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0.1 ~Lm 

Fig. 7 TEM micrograph of particle # 1. 
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Fig. 8 TEM micrograph of particle #3. 



10 nm 

Fig. 9 TEM micrograph of particle # 1 showing iron core 
and oxide layer. 
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Fig. 10 TEM micrograph of particle #1 showing thickened 
oxide layer as compared to Fig. 9. 
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4.2 Heat of Wetting 

A typical heat of wetting trace is shown in Figure 4(a). An interesting 

observation from this trace is that the initial exothermic peak characteristic of wetting 

phenomena is followed by an endothermic peak. In a typical batch calorimetric 

experiment, only exothermic heat of wetting is normally observed. The reasons for 

the endothermic peak are not exactly clear but could be attributed to one or more 

of the following: 

(1) displacement of the physically adsorbed water on the solid surface by 

the solvent molecules, 

(2) reorganization of the solvent molecules after the initial wetting process 

and 

(3) artifacts due to the design of the flow microcalorimeter. 

Initial experiments were conducted to ascertain whether the design of the 

calorimeter was responsible for this anomalous behavior. In the calorimeter used for 

this investigation, thermistors that sense the heat were located inside the bed. The 

new generation flow microcalorimeters have thermistors that are not physically 

located in the bed. When the heat of wetting of particles was studied with this new 

generation calorimeter using n-heptane as the solvent, the endothermic peak was 

again observed. Hence it was concluded that the endothermic peak is not an 

equipment artifact. 
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Initial experiments were conducted with as received particles without any 

pretreatment. The results obtained with hexane and THF are tabulated in Table 6. 

When using hexane, the highest exothermic heat of wetting (in cal/m2) was obtained 

for particle #1. In THF, chromium dioxide exhibited the highest heat of wetting, 

which could be a result of the strong interaction between acidic Cr02 and slightly 

basic THF. Interestingly, the interaction of hexane with gamma iron oxide produced 

more heat than the interaction of THF. 

Since oxide particles typically contain adsorbed water, which varies depending 

on the nature of the oxide, the effect of evacuating the oxide (at 33 to 35 0 C and 

0.01 torr) on heat of wetting was investigated. The results from these experiments 

are also tabulated in Table 6. Removal of physisorbed water by evacuation appeared 

to increase the exothermic heat peak recorded with THF. However, the area of the 

endothermic peaks were only slightly affected by this pretreatment. In hexane, the 

exothermic peaks for barium ferrite and gamma iron oxide increased substantially. 

It can be discerned from the data in Table 6 that the surface of passivated iron 

particles behaved differently from gamma iron oxide particles. Again, the Cr02/THF 

system released the highest heat during wetting. 

The heat of wetting of the three different passivated iron particles by hexane, 

MEK and THF is tabulated in Tables 7. In the as received state, on a weight basis, 

particle #3 generated the highest heat in both hexane and MEK. On an area basis, 



Table 6 

Heat of Wetting of Different Magnetic Particles 
With and Without Outgassing by Hexane and THF 

(Water Content in THF = 1100 ppm) 

(I) WITHOUT EVACUATION 

Solvent Bed 

Exothermic Heat Endothermic Heat EXO/ 
ENDO 

Solvent Bed 
(cal/gm) (cal/m2) (cal/gm) (cal/m2) 

EXO/ 
ENDO 

Hexane BaFe12019 1.958 0.0445 1.718 0.0390 1.14 
Hexane Y-Fe203 0.871 0.0462 1.089 0.0578 0.80 
Hexane Cr02 1.188 0.0555 1.164 0.0543 1.02 
Hexane IRON#l 2.609 0.0790 1.414 0.0428 1.85 
THF BaFe12019 5.430 0.123 2.023 0.0459 2.68 
THF Y-Fe203 0.523 0.0277 0.845 0.0448 0.62 
THF Cr02 3.299 0.154 0.871 0.0407 3.79 
THF IRON#l 4.194 0.127 1.615 0.0489 2.60 

(II) EVACUATION 

Solvent Bed 

Exothermic Heat Endothermic Heat EXO/ 
ENDO 

Solvent Bed 
(cal/gm) (cal/m2) (cal/gm) (cal/m2) 

EXO/ 
ENDO 

Hexane BaFe12019 3.325 0.0755 0.941 0.0213 3.53 
Hexane Y-Fe203 1.229 0.0652 0.965 0.0512 1.27 
Hexane Cr02 1.238 0.0578 0.846 0.0395 1.46 
Hexane IRON#l 2.758 0.0835 1.845 0.0559 1.49 
THF BaFe12019 5.779 0.131 2.450 0.0556 2.36 
THF Y-Fe203 1.633 0.0866 0.717 0.0380 2.28 
THF Cr02 4.121 0.192 0.780 0.0364 5.28 
THF IRON#l 5.490 0.166 1.559 0.0472 3.52 



Table 7 

Heat of Wetting of Passivated Metal Particles 
With and Without Outgassing by Different Solvents 

(Water Content in THF = 40 ppm) 

(I) WITHOUT EVACUATION 

Solvent Bed 

Exothermic Heat Endothermic Heat EXO/ 
ENDO 

Solvent Bed 
(cal/gm) (cal/m2) (cal/gm) (cal/m2) 

EXO/ 
ENDO 

Hexane #1 2.609 0.0790 1.414 0.0428 1.85 
Hexane #2 1.556 0.0677 1.224 0.0533 1.27 
Hexane #3 4.137 0.0690 2.106 0.0351 1.96 
MEK #1 3.058 0.0926 1.551 0.0470 1.97 
MEK #2 0.854 0.0372 0.916 0.0399 0.93 
MEK #3 3.644 0.0608 1.829 0.0305 1.99 

(II) EVACUATION 

Solvent Bed 

Exothermic Heat Endothermic Heat EXO/ 
ENDO 

Solvent Bed 
(cal/gm) (cal/m2) (cal/gm) (cal/m2) 

EXO/ 
ENDO 

Hexane #1 2.758 0.0835 1.845 0.0559 1.49 
Hexane #2 2.487 0.1080 1.639 0.0714 1.52 
Hexane #3 4.448 0.0742 2.093 0.0349 2.13 
THF #1 4.074 0.1230 1.403 0.0425 2.90 
THF #2 2.596 0.1130 0.635 0.0276 4.09 
THF #3 6.605 0.1100 2.080 0.0347 3.18 
MEK #1 4.920 0.1490 1.501 0.0454 3.28 
MEK #2 2.998 0.1300 1.017 0.0444 2.95 
MEK #3 4.218 0.0704 2.528 0.0422 1.67 



particle #1 was characterized by the largest heat of wetting. Interestingly, the heat 

of wetting of particle #2 in MEK was lower than that in hexane. 

The exothermic heat of wetting of preevacuated (at the temperature of the 

experiment) powders was higher than that of as received particles in all solvents. On 

an area as well as the weight basis, highest heats were generated in THF. Because 

of its large surface area, particle #3/THF system produced the largest heat of 

wetting on a weight basis. 

As mentioned previously, the exothermic peak characteristic of the wetting 

process was always followed by an endothermic peak. For example, for the as 

received particles, the endothermic peak area was about 50% of the exothermic area 

in many cases. Evacuation at 33 to 35 °C did not significantly decrease this 

endothermic peak. Since this endothermic peak could have resulted from physically 

adsorbed water on the surface of the particles, the sample bed of particle #1 was 

evacuated at different temperatures, cooled to 35 °C in argon, and then the wetting 

experiments were conducted. The results of these experiments are shown in Table 8 

and Figure 11. The surface area measured at the outgassing temperature was used 

in the calculation of the heats per unit area. The surface area increased from a 

value of 33 m2/gm at an outgassing temperature of 35 °C to a value of 40.2 m2/gm 

at an outgassing temperature of 110 °C. The exothermic peak area for the particle 

#1/THF system exhibited a maximum near an outgassing temperature of 50 °C and 
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Table 8 

Heat of Wetting of Particle #1 by THF and Hexane Function 
of Outgassing Temperature 

(I) Solvent: THF (Water Content = 40 ppm) Sample Bed: Particle #1 

Evacuation 
Temperature 

Exothermic Heat Endothermic Heat EXO/ 
ENDO Evacuation 

Temperature 
(cal/gm) (cal/m2) (cal/gm) (cal/m2) 

EXO/ 
ENDO 

33.0-35.0 °C 4.074 0.123 1.403 0.0425 2.90 
50.6 °C (no colling) 5.586 0.149 2.095 0.0561 2.67 
50.3 °C 6.110 0.163 1.528 0.0409 3.99 
70.0 "C 5.064 0.127 1.631 0.0410 3.10 
93.3 "C 5.352 0.136 1.403 0.0357 3.81 
110.0'C 6.632 0.164 1.130 0.0280 5.87 

(II) Solvent: Hexane Sample Bed: Particle #1 

Exothermic Heat Endothermic Heat EXO/ 
Evacuation ENDO 

Temperature 
(cal/gm) (cal/m2) (cal/gm) (cal/m2) 

34.0 °C 2.758 0.083 1.845 0.0559 1.49 
93.0 °C 3.497 0.089 1.082 0.0275 3.23 
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showed a steady rise with an increase in temperature in the range of 77 to 110 *C. 

In contrast, the area of the endothermic peak decreased steadily with an increase in 

outgassing temperature. Except for the maximum at 50 °C, the trends of increasing 

exothermic heats and decreasing endothermic heats with an increasing outgassing 

temperature are typically a result of the removal of physically adsorbed water on the 

surface of the particles. The endothermic peak area for the particle #l/hexane 

system decreased about 50% on preheating the powder at 93 "C. 

In order to explore correlations between the exothermic heat of wetting and 

particle characteristics, five different passivated iron particles (#1, 2, 3, 4, and 7) of 

varying composition, surface area and coercivity were chosen. The results obtained 

with these particles are plotted in Figure 12. The dependence of on surface 

area is not surprising since the wetting process involves the replacement of 

solid/vapor interface by a solid/liquid interface. Particle #3 with a surface area of 

59.9 m2/gm did not follow the trend of other particles and generated significantly 

larger heat on wetting. The effect of coercivity on the heat of wetting is intriguing. 

Since the coercivity can depend on particle size (surface area) and chemical 

composition, it is not easy to conclude from the limited data whether the effect of 

Hc is an independent one or a manifestation of the surface area effect. 

A note concerning the magnitude of the heat of wetting deserves to be made. 

For the three iron particles studied, the heat of wetting in THF was between 450 and 

500 ergs/cm2. This is of the same order of magnitude as the heat generated during 
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the immersion of oxides in water. However, on a weight basis, significant heat 

(6.6 cal/gm) was generated from the large surface area sample (particle #3). For 

the media manufacturing, the heat per unit weight of the particles is much more 

important since large exothermic heats could prove to be a fire hazard. 

The heat of wetting of the passivated iron particles #1, #2 and #3 as a 

function of the dipole moment of different solvents is plotted in Figure 13. For 

comparison purposes, the wetting properties of a barium ferrite, a chromium dioxide 

and a gamma iron oxide used by media manufacturers are also plotted in this figure. 

Several trends seem evident from the data: 

(1) the higher the dipole moment of the solvent, the higher the heat of 

wetting, 

(2) Cr02, which is acidic, releases substantially higher heats when wet by 

polar solvents MEK and THF, and 

(3) the surface of passivated iron particles is different from the surface of 

y-Fe203. 

The heat of wetting of oxides has been postulated to depend on the dipole moment 

(n) of the solvent and the polarity (surface field strength, F) of the oxide surface 

according to the following equation (35): 

AH = -F x m (6) 

The results also follow this general relationship and imply that the Cr02 surface is 

characterized by a very strong polar nature. The heat of wetting is a manifestation 
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of the difference in the solid/liquid and solid/vapor interfacial energies, and 

therefore, should depend on the interaction between solvent molecules and solid 

surfaces. A more polar solvent molecule should orient better at the surface of a 

solid that exerts a stronger surface electric field. 

4.3 Interactions of Metal Particles With A Model Dispersant and A Wetting Binder 

43.1 Dispersant Uptake 

During an adsorption process, the observed heat effects are caused by a 

change in the free energy of a solute molecule. In other words, there is a 

corresponding decrease in free energy of a solvated molecule when it is adsorbed 

onto a solid surface. For example, suppose a solid surface 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 be caused by the 

following: 

(1) the adsorption of solute, 

(2) the desorption of solvent, 

(3) the decrease in the concentration of solute in the solution, and 

(4) the increase in the concentration of solvent in the solution. 

The contributions from the adsorption of solute to the total change in free energy 

often dominate, especially if the solvent is neutral in regard to the solid surface. 



The results of the tests carried out to characterize the interaction of DEHPA 

dissolved in hexane or THF with particle #3 are presented in Figure 14. Both heat 

and extent of adsorption were measured. As described in Section 3.2, the extent of 

adsorption was measured using the RID. From a hexane solution, the adsorption of 

DEHPA increased sharply to a concentration of 0.04 M and then slowly approached 

a plateau value. At this concentration, an adsorption density of 8.1 /xmoles/m2 was 

calculated. The corresponding change in the molar heat of adsorption is plotted in 

the same figure. At low surface coverages, the exothermic molar heat of adsorption 

was high (ca. 28 kcal/mole) indicating a strong chemical interaction between the 

particle and DEHPA. The molar heat reached a limiting value of 14 kcal/mole at 

solution concentrations in excess of 0.04 M-

The results obtained with DEHPA dissolved in THF are also shown in 

Figure 14. A distinct plateau value of 4.2 /zmole/m2 was obtained for adsorption in 

this system, which is considerably lower than that measured in hexane solutions. The 

molar heat of adsorption was also significantly lower when using THF as the solvent. 

The differences between the results obtained in the hexane and THF systems 

can be explained in terms of the acid/base nature of the solvent and particles. 

Typically, an oxide surface consists of Lewis and Bronsted acid/base sites (Figure 15) 

(36). Both solvent molecules and solute species compete for these sites. In a non-

polar, neutral solvent such as hexane, the solvent molecules do not exhibit much 

affinity for these surface sites. This is evident from the low heat of wetting observed 
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Fig. 14 Heat and extent of interaction of DEHPA dissolved 
in hexane and THF with particle #3 (—: hexane, —: 
THF). 
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in the hexane system. On the other hand, THF is a Lewis base with the ether oxygen 

serving as the electron donor. When the oxide particles were contacted with THF 

containing an acidic surfactant DEHPA, THF could compete for the surface sites. 

Besides, THF can also form an acid-base complex in solution with DEHPA. This 

could explain why the heat and extent of adsorption of DEHPA is lower in THF than 

in hexane. 

To interpret the adsorption results, the adsorption data were fitted to the 

Langmuir, Freundlich and Temkin isotherms. The adsorption equation developed 

by Langmuir has been widely applied to describe adsorption from solution by 

heterogeneous solids. Langmuir adsorption equation has the form: 

where r is the adsorption density, C is the solute concentration, K is the Langmuirian 

constant, and rm is the monolayer capacity. Two simplifying assumptions were made 

in the derivation of this isotherm, the heat of adsorption was independent of the 

fraction of the covered surface and adsorption was limited to a monolayer. 

The Freundlich equation has the general form shown below: 

log 0 = Kg + Kg' log C (8) 

where 0 (= r/rm)is the surface coverage relative to a monolayer (rm). This model 

assumes that the heat of adsorption decreases logarithmically as the adsorption 

density increases. However, the Freundlich equation does not express r as a linear 
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function of C at low concentrations, a common experimental observation, and it does 

not provide for a maximum value of r. As a result, the Freundlich equation predicts 

infinite surface coverage at infinite concentration, a condition that does not occur. 

Therefore, its application is limited to ranges of intermediate surface coverages. 

The isotherm of Temkin allows for specific interaction of solute molecules 

with the surface. It can be written as 

0 = K, + K,' In C (9) 

and generally not valid at very small or veiy high values of C. However, it allows for 

electrical factors over a limited range of concentrations of adsorbing long-chain ions. 

This is important for the adsorption of ions and short chain surfactants onto solids 

immersed in liquids. 

The adsorption density data of DEHPA in hexane and THF onto particle #3 

were fitted to three classical isotherms: the Langmuir, the Freundlich and the 

Temkin (Figure 16). The correlation coefficients, in Table 9, show that the Langmuir 

equation provides the best fit of the adsorption data, both in hexane and in THF. 

It is interesting that the Langmuir equation fits the adsorption data very well but at 

the same time the variation of heat of adsorption with surface coverage invalidates 

the applicability of the Langmuir equation. Plots of molar heat versus In 0 shown 
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Fig. 16 The adsorption data of DEHPA on particle #3 
plotted as a (a) Langmuir, (b) Freundlich and (c) 
Temkin isotherm. 
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Table 9 

Calculated Parameters from the Langmuir, Freundlich, and Temkin Isotherms 
for the Adsorption of DEHPA on Particle #3 

Correlation Coefficient 

Langmuir Freundlich Temkin •> 

(/imole/nr) K 

DEHPA/Hexane 0.997 0.947 0.933 12.895 0.0256 
DEHPA/THF 0.990 0.942 0.956 5.321 0.0176 

in Figure 17 clearly show that the molar heat decreases with In 6, especially in the 

hexane system. Thus, even though Langmuir equation fits the adsorption data 

slightly better, the variation in heat values lends support to the Freundlich type 

behavior in this system. The calculated values of rm and K, assuming Langmuirian 

behavior, are also listed in Table 9. Also, using the calculated rm value, the area per 

adsorbed DEHPA molecule on particle #3 was determined to be 12.88 A2 for the 

DEHPA/hexane system and 31.21 A2 for the DEHPA/THF system. 
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Fig. 17 Molar heat of adsorption of DEHPA on particle #3 
as a function of In 6 (fractional surface coverage). 



4.3.2 Binder Uptake 

The interaction of particle #3 with the wetting binder (UCAR 527; average 

Mw = 68,000), dissolved in THF is shown in Figure 18. The binder adsorption 

increased steadily with solution concentrations in the range of 0.000041 to 0.00041 M 

(2.78-27.8 gm/1). It was not possible to collect data at higher concentrations because 

of the increased viscosity of solutions and the non-linearity of the RED response. 

Unlike DEHPA, the molar heat of adsorption varied less with surface coverage but 

was still large (ca. 37.6 kcal/mole), indicating a chemical interaction between the 

binder and the particles. 

The data for the adsorption of wetting binder onto particle #3 was also fitted 

to the Langmuir, the Freundlich and Temkin isotherm (Fig. 19). The values of the 

correlation coefficient, the monolayer capacity (rm), and the Langmuirian constant 

(K) are tabulated in Table 10. All three isotherms provided a good fit of the uptake 

data for the wetting binder. Since the heat of interaction decreased slightly with 

surface coverage, the heat data were plotted as a function of In 0 and 0 (Figure 20). 

As can be seen from Figure 20, AH vs In 0 plot offers a slightly better fit, supporting 

Freundlich type behavior in this system. A rough calculation of the area occupied 

by a binder molecule can be calculated from the rm value obtained by fitting the data 

to Langmuir equation. The area was calculated to be 1695 A2. 
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Table 10 

Calculated Parameters from the Langmuir, Freundlich, and Temkin Isotherms 
for the Adsorption of Wetting Binder on Particle #3 

Correlation Coefficient 
r» , 

(/imole/m2) K Langmuir Freundlich Temkin 
r» , 

(/imole/m2) K 

UCAR 527/THF 0.997 0.997 0.995 0.238 0.3058 

It is often observed that the configurations of adsorbed polymers depend on 

the following: 

(1) the number of active sites on the solid surface, 

(2) the number of the adsorbable functional groups in the polymer 

molecules, 

(3) competitive intermolecular interactions with the solvent and with other 

polymer molecules, 

(4) the adsorbability of solvent molecules, and 

(5) the position of the functional groups in the molecule. 

The conformation of adsorbed polymer molecules (loops, tails and trains) is 

illustrated in Figure 21. The points of attachment are called the anchor segments of 
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Fig. 21 Various terminologies used for segments of 
adsorbed polymer. 



the polymer chain. For effective stabilization, the loops and particularly the tails of 

the adsorbed polymers must be extended. If the polymer has many adsorbing groups 

with a large adsorption energy parameter per group, the adsorbed polymer adopts 

a flat configuration at the pigment/solution interface, i.e. the loops and tails will be 

small. Such an adsorbed polymer cannot protect the pigment particles against 

flocculation. For a stabilizing polymer to be effective, there must be a relation 

between the adsorption energy per surface active group and the number of those 

groups in the polymer; a stronger interaction results in a smaller number and 

therefore in a narrower spread of the surface active groups in the polymer. 

In Table 11, the polymer uptake at different concentrations has been 

converted to effective cross sectional area of the adsorbed polymer molecule. At low 

concentrations the amount of binder adsorbed is low and the effective cross sectional 

area is high, which could mean that the binder adopts a flattened configuration of 

small loops and many small trains. Increasing the binder concentration increases the 

number of adsorbed molecules. This would lead to a thicker and more extended 

adsorption layer. However, detailed investigations using techniques such as Neutron 

Scattering and photon correlation spectroscopy are needed to follow the 

conformational changes in adsorbed polymer (37). 



79 

Table 11 

Area Per Adsorbed Wetting Binder Molecule on Particle #3 
at Different Binder Solution Concentrations 

Concentration (x 10"3 M) Area per Molecule (A2) 
0.03676 6780.1 
0.0717 4940.6 
0.1669 3058.5 
0.3240 2349.6 
0.4076 2204.4 

4.4 XPS Measurements 

Analyses of the interaction of particle #3 with DEHPA and UCARMAG 527 

were carried out by X-ray photoelectron spectroscopy (XPS). 

4.4.1 Dispersant Uptake 

The spectra and binding energies for Fe(2p) peaks obtained from XPS analysis 

are presented in Figures 22-24 and Table 12. The appearance of a phosphorous 

peak at 132.87 eV in the spectrum for the treated sample can be considered as an 

evidence for the presence of DEHPA on the surface of the particles. The Fe(2p3/2) 

peak in the XPS spectrum for the untreated particle had a binding energy of ~ 710.6 

eV. This value is between the value of 709.7 eV for FeO and 711.2 for Fe203. 
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Table 12 

Binding Energies for the Fe 2p Peaks of the Untreated, 
DEHPA and Binder Treated Particle #3 

Peak 

Binding Energy (eV) 

Peak Untreated DEHPA 
Treated 

Binder 
Treated 

Fe 2p3/2 

Fe 2p1/2 

710.65 
724.3 

711.07 
724.67 

711.55 
724.20 

Perhaps part of the iron of the untreated particles in the passivated layer was in an 

oxidation state less +3. It was found that the binding energy of the Fe(2p) peaks 

shifted to slightly higher (0.5 eV) values on treatment with DEHPA indicating an 

oxidation of all the iron in the passive layer to the +3 state. This shift is not very 

significant to allow postulation of an interaction mechanism. It is worth mentioning 

that the conditioned sample was washed with THF prior to taking the XPS spectrum. 

Ideally, if a Lewis acid/base type of interaction takes place between the acidic Fe+3 

sites on the particle and the basic ionized -OH group in DEHPA, the electron 

density around the Fe*3 sites should increase causing a decrease in the binding 

energy of the Fe(2p) peaks. Since such a decrease is not seen in XPS spectra, it may 

be tempting to conclude that the acid-base complex is formed but THF rinsing 



breaks the complex and removes the phosphate anion. But this reasoning will not 

be consistent with very low heats of desorption measured in the experiments. 

4.4.2 Binder Uptake 

The XPS results for particles treated with the wetting binder are shown in 

Figures 25-27 and Table 12. These particles were also rinsed in THF after 

conditioning with the binder. The presence of chloride in the spectrum of the 

treated particle indicates that the vinyl chloride-vinyl acetate polymer is indeed 

present on the surface. The binding energy of the Fe(2p) peaks shifted to higher 

values by 1 eV. This again would indicate some sort of surface oxidation of iron 

species on the surface induced by the wetting binder. It is not apparent why the 

particles undergo a slight oxidation on treatment with DEHPA and the wetting 

binder. Calorimetric measurements indicate strong chemical interaction between the 

particles and DEHPA or the binder. Such chemical interaction or complex 

formation with surface iron should actually decrease the 2p electron binding energy 

of iron. Since THF used in the experiments contained about 40 ppm water, it is 

possible that this water induced the oxidation of an non +3 state of iron. Even 

though complex formation follow oxidation, the peak shifts are perhaps more 

controlled by the oxidation process. Work with pure Y-Fe203 should help in the 

further elucidation of this mechanism. 



•e (A) 

"AFr2p o (is) 

C(ls)  
Zn (A) 

.1000 800 600 400 200 
Binding energy, eV 

CO 
+J c 
D 
0 
u 

1000 800 600 400 200 0 
Binding energy, eV 

0 (A) 

Fe (A) 

0(ls)  Fe 

C(ls)  
I Cl(2p) 

x  
Zn(A) 

XPS spectra of (a) untreated and (b) binder treated 
particle #3. 



(a)  

0 Is 

530.7 eV 
O 
•P 
z 3 O u 

522 560 541 
Binding energy, eV 

l[724.3aV 710.65eV 

V) 

c 3 0 
u 

752 744 736 728 720 712 
Binding energy. eV 

(b) 

Fe 725.2eV 

m  u 
c 
• 
(_i 

710 729 
Binding energy, aV 

748 

530.8 eV 

irt 
c 
D 0 U 

548 
Binding energy. aV 

555 541 534 

. 26 Fe 2p3/2 and 2p1/2 and O Is peaks obtained from 
XPS analysis of (a) untreated and (b) binder treated 
particle #3. 



CI 199.2 eV 

U )  
+J 
C 
D  
0  
u 

220 216 212 208 204 200 

B i n d i n g  e n e r g y ,  GV 

. 27 XPS spectrum of CI peak of binder adsorbed 
particle #3. 



88 

CHAPTER 5 

CONCLUSIONS 

The measurement of thermal effects accompanying the interaction of selected 

metal particles possessing magnetic recording properties with solvents, a model 

dispersant and a wetting binder was done using flow microcalorimetry. Based on the 

experimental results from this work, the following conclusions can be made. 

(1) The heat of wetting of the particles by solvents is a strong function of the 

polarity of the solvent. A more polar solvent molecule, such as THF, resulted 

in a higher heat of wetting. 

(2) The endothermic peak of the wetting process was probably due to displacement 

of the physically adsorbed water on the particle surface by the solvent molecules. 

(3) The interaction of DEHPA with a particle of 1500 Oe coercivity was 

characterized by a molar heat in the range 14 ~ 28 kcal/mole and 5 — 18 

kcal/mole in hexane and THF solution, respectively. The heat and extent of 

adsorption of DEHPA from a hexane solution were higher than those from a 

THF solution. This indicates that both THF molecules and DEHPA species 

compete for the Lewis and Bronsted acid/base sites on particle surface. The 

binding energy of the Fe(2p) peaks in the XPS spectrum shifted to slightly higher 

(0.5 eV) values on treatment with DEHPA. 
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(4) Unlike DEHPA, the molar heat of adsorption of UCARMAG 527 varied less 

with surface coverage but was still large (ca. 37.6 kcal/mole), indicating a 

chemical interaction between the binder and the particles. The XPS 

measurements on binder treated particles showed that the binding energy of the 

Fe(2p) peaks shifted to higher values by 1 eV, indicating some sort of oxidation 

of iron species on the surface. 
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