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ABSTRACT 

A detailed study has been carried out to investigate the 

dissolution characteristics of unstabilized and stabilized Cr02 

particles. It has been found that on contact of Cr02 with aqueous 

solutions, it dissolves by disproportionation reaction to HCr04 and 

Cr203. XPS study has shown that stabilization of Cr02 particles with 

bisulfite solution leads to the formation of Cr203. However, because of 

agglomeration of the Cr02 particles due to their magnetic properties, 

not all of the surface is completely stabilized. The electrokinetic 

characteristics of Cr(IV) and Cr(III) oxides in aqueous solutions have 

been investigated. Experiments suggest that sulfite ions chemisorb 

strongly on Cr203 particles. Experiments have also been carried out to 

study the adsorption of sodium dodecyl sulfate (SDS) on Cr203 

particles. With increasing SDS concentration, Cr203 becomes less 

positively charged and ultimately negatively charged when the 

surfactant concentration exceeds 10~3 M. This suggests that SDS 

specifically adsorbs onto the oxide. 
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CHAPTER 1 

INTRODUCTION 

The rapid advancement in the magnetic recording methods has led 

to the development of improved magnetic particles used in recording 

tapes. Chromium dioxide (Cr02).because of its superior magnetic 

properties,is used in the manufacture of high fidelity audio and 

computer tapes. These tapes are cast from a non - aqueous dispersion of 

chromium dioxide particles containing a dispersant,a binder and a 

crosslinker. The most popular non-aqueous solvent for Cr02 dispersions 

is tetrahydrofuran,an aprotic solvent which is miscible with water in 

all proportions. In addition,some of the commonly vised dispersants,such 

as lecithin,also contain as much as 1% moisture. Hence,it is important 

to characterize the properties of Cr02/water interface which may play a 

role in determining the stability of Cr02 dispersions used for magnetic 

tape casting. 

Cr02 is sparingly soluble in water and releases hexavalent 

chromium ions. There is evidence that Cr+6 released from Cr02 oxidizes 

the polyurethane binders vised in the tapes [1]. Manly [2] pointed out 

that chromium dioxide used in cartridge tapes should degrade in the 

presence of moisture and oxygen to hexavalent chromium compounds which 

are highly poisonous. In his words~no one knows precisely the life span 

of chromium dioxide coated tapes, but the material has a fairly short 

1 
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half life and should not be used for archival storage1. According to 

EPA regulations,chromium (VI),even at a concentration of 0.05 

mg/m3[3,25] is very toxic. Hence, one of the objectives of this 

research was to study the dissolution behavior of Cr02 particles in 

water and in particular to determine the ratio of Cr+6/Cr+3 in the 

contact solution. 

Because they are inherently unstable,Cr02 particles are given 

a surface treatment to convert a thin layer on their surface to a more 

stable Cr203 (CrOOH?),which offers protection from the degradation of 

magnetic properties. In dealing with dispersions made from such 

"stabilized1 Cr02 particles,it is very important to consider the 

properties of Cr203/water interface which may play a role in the 

dispersant (surfactant) adsorption process. Hence, another objective of 

the research work was to investigate the electrokinetic characteristics 

of Cr(IV) and Cr(III) oxides in aqueous solutions. The adsorption of a 

model surfactant,sodium dodecyl sulfate (SDS) on Cr203 has also been 

investigated. 



CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

Chromium dioxide magnetic particles literally opened the door 

to modern audio and video magnetic recording systems due to their 

outstanding magnetic properties. To date, research and development 

efforts are continuing to produce new and improved chromium dioxide 

magnetic particles. 

Chromium dioxide particles are slender and needle-like with 

unusually uniform physical and magnetic properties. The physical 

characteristics of chromium dioxide particles which impart outstanding 

magnetic media performance are as follows: (1) length of 0.6 to 0.8 pm 

(2) aspect ratio of 10-15:1 (3) absence of dendritic appendages (4) 

dense,non - porous crystals (5) negligible twinning of crystals and (6) 

freedom from magnetostrictive effects. 

The following are the different processes for the manufacture 

of Cr02 particles: 

(1) Preparation by hvdrothermal decomposition (da Pont process) 

In this technique chromium dioxide is manufactured by 

an oxidation - reduction reaction of chromic acid (Cr03) and chromic 

oxide (Cr203) at high temperature and pressure. [2]: 

3 CrOg + C^Og—5 CrC>2 (2.1) 

3 
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First, a paste is prepared by mixing chromic acid and chromic oxide 

with water and doping agents in a reactor vessel. The paste cans are 

placed in an autoclave and reacted at 300 °C arxl 6500 psi pressure for 

24 hours. The heating program is adjusted according to the type of 

product being manufactured. Precise control of temperature and pressure 

is essential to proper chromium dioxide crystal growth. 

The resulting cake is ground and pulverised to liberate the 

crystals of Cr02, slurried in water and treated with a reducing 

compound to form a thin continuous layer of chromium hydroxide on the 

crystal surface. This makes the resulting powder highly inert. 

From the treatment tank, the slurried oxide is shear-milled to 

disperse the agglomerates and thus achieve the ultimate particle 

separation. Water washing in a filter press removes residual soluble 

compounds and forms a moist chromium dioxide "cake". The cake is 

reslurried with water to an optimum solids content for the final step 

in processing. The chromium dioxide slurry from wet processing is 

introduced at the top of a heated spray drying tower and the finished 

powder collects at the bottom. 

(2) Synthesis of CrOp by the thermal treatment of CrOg particles 

The manufacture of very pure magnetic oxide of chromium with a 

rutile - type crystal structure by the thermal decomposition of Cr03 in 

the presence of water at high pressure has been reported by Swoboda et 

al.[4]. By properly controlling this hydrothermal synthesis,they 

produced Cr02 particles that varied in physical form from 
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microcrystalline powders to single crystals of sufficient size for 

physical studies. 

Ferromagnetic rutile - type oxides with compositions near that 

of Cr02 were found to be surprisingly stable in the presence of oxygen 

and supercritical water at temperatures up to 525 °C, provided the 

system was held under sufficient total pressure. The decomposition of 

Cr03 carried out in the presence of approximately equimolar amounts of 

water at temperatures of 400 - 525 °C and pressures of 500 - 3000 atm. 

resulted in almost quantitative yields of Cr02. In these reaction 

systems, the oxygen needed for stabilization of the Cr02 phase was 

supplied by the decomposition reaction: 

CrOg-^ Cr02 1/2 02.«.. (2.2) 

(3) Process for the preparation of homogeneous CrOo particles from Cr.,0. 

It has been reported by Arthur et al.[5] that ferromagnetic 

chromium dioxide particles obtained by thermal decomposition of 

chromium trioxide in the presence of an aqueous media possess a wide 

range of magnetic properties. However, such products have tended to be 

heterogeneous in particle size,a condition which hinders realization of 

optimum properties in such applications as magnetic recording. 

They invented a readily controlled process for the preparation 

of ferromagnetic chromium dioxide of improved homogeneity. The process 

consists of heating under isothermal conditions an insoluble oxide of 

chromium in which the average valence of chromium is above 4 and below 
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6 to a temperature of 250 °C under a pressure ranging from 50-3000 

atm. or more. 

The chromium oxide used as a starting material in this process 

may be represented by the formula Crx0y,where x and y are positive 

integers such that the ratio of 2y/x is greater than 4 and less than 6. 

These chromium oxides are less soluble in water than chromium trioxide 

and this property contributes to the efficiency of the present process 

in producing a superior product. They further reported that the oxides 

in which 2y/x is less than 5.5 are preferred since they exhibit lower 

water solubilities than oxides in which the ratio is above 5.5. 

The thermal conversion of chromium oxide Cr^y to ferromagnetic 

dioxide is carried out in water or aqueous acid as the reaction medium. 

The quantity of the medium should not exceed about 5035 by weight based 

on Crx0y. 

(4) Formation of Cr02 by decomposition of higher valent chromium oxides 

by mixing with CrOg as seed material 

The production of ferromagnetic Cr02 particles from the 

decomposition of chromium oxide compounds,where chromium has a valence 

greater than four has been reported by Hicks et al.[6]. The chromium 

oxide to be decomposed is mixed with acicular ferromagnetic chromium 

dioxide which acts as a seed material for the decomposition of higher 

valent chromium oxides. When this mixture is heated at essentially 

atmospheric pressure to about 200 - 400°C in the presence of oxygen or 

air, a large yield of acicular ferromagnetic chromium dioxide is 

obtained in excess of that used as a seeding material. 
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(5) Advances in the properties and manufacturing of chromium dioxide 

particles 

Recent developments in the properties and manufacturing of 

chromium dioxide have been reported by Chen et al.[7]. They conducted a 

series of experiments to explore the upper limits in the properties 

that can be produced from the high pressure,high temperature process 

for the synthesis of ferromagnetic chromium dioxide produced by the du 

Pont process. They have reported that Cr02 coercivity and surface area 

(i.e particle size) can be controlled independently over a wide range 

by the selection of Cr+3/Cr+6 ratio of the starting material and the 

type and level of dopant. 

The problem associated with the production of high 

quality,uniform particles for today's recording applications is that a 

large number of process parameters affect the particle properties. The 

most important of these are: (1) Cr03/Cr203 ratio (2) particle size of 

Cr203 (3) compacted density of Cr203 (4) chemical modifier, level and 

(5) temperature and pressure profile of the system. Each of these 

parameters can be varied separately or collectively to produce Cr02 

crystals which satisfy the need of a particular coating and recording 

system. 

It has also been reported [7] that Cr02 derives its coercivity 

from its acicular shape, i.e shape anisotropy, and that there is a 

strong correlation between the coercivity and particle size. Chemical 

dopants are used to modify these relationships. The most common 
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modifiers are antimony trioxide (Sb203) and iron oxide (Fe203). The 

primary effect of antimony is to promote crystal nucleation and the 

number of particles is directly related to the specific surface area. 

Stabilization of ferromagnetic chromium dioxide particles 

The stabilization of ferromagnetic chromium dioxide was first 

reported by Bottjer and Ingersoll [8]. The particles were stabilized 

against the degradation of their magnetic properties by treatment 

with a reducing agent in the gaseous,liquid or solution phase to 

produce a protective surface phase. 

They reported that since chromium dioxide slowly reacts with 

water and some organic materials to form non - magnetic materials .some 

of its desirable properties are diminished with age. They further 

reported that the stabilized chromium dioxide is much less reactive 

toward water or organic compounds than the unstabilized compound. 

Hence,this stabilized oxide retains all of its advantages for any 

practical length of time. 

In an aqueous media,the reductive surface treatment may be 

carried out at any pH between 1 and 13. The suitable reducing agen are 

compounds having a standard oxidation potential in acidic media greater 

than about -1.5 volts and preferably greater than about -1.36 volts and 

include H2S,sodium sulfite,S02,alkanols (1 to 18 carbon atoms). From 

0.005 to 50 parts of the reduding agent can be used per part by weight 

of Cr02 at a temperature of -10 to 250 °C. They further reported that 

the reduction need not be done in aqueous media only, but may be done 
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in organic liquids such as ethanol and acetylacetone. 

In another patent[9] ,Bott jer and Cox reported that the 

temperature of the reaction between the sodium bisulfite and Cr02 

particles and the concentration of bisulfite are not critical to the 

operation of the process,but they do affect the rate of reaction. 

Surface charge of oxides in an aqueous medium 

In an aqueous environment,the charging mechanisms for dispersed 

colloidal particles are fairly well understood and accepted. According 

to Fuerstenau [ 10], adsorption phenomena at oxide/water interfaces are 

usually controlled by the electrical double layer and hence one must be 

concerned with factors responsible for the charge on the oxide surface 

and with the behavior of ions that adsorb as counter ions to maintain 

electroneutrality. 

For the oxides,hydrogen and hydroxyl ions have long been 

considered to be potential - determining. Since oxides form 

hydroxylated surfaces when in contact with water ,a hydroxylated 

surface should be expected when the solid is in equilibrium with an 

aqueous solution. Adsorption- dissociation of H+ from the surface 

hydroxyls can account for the surface charge on the oxides. 

M0H(surf) ̂  M0{surf) + H(aq) 

M0H(surf) + H(aq) ̂  M0H2(surf) 

Parks and deBruyn [11] have postulated a different mechanism 
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for the charging of oxide surfaces,involving partial dissolution of the 

oxide and formation of hydroxyl complexes in solution, followed by 

adsorption of these complexes: 

m2°3 (solid) + 3 h2° ̂  2 M (0H>3(aq) 

M(0H)3 (aq)— M(0H)3m7aq) +(3-m)0H(aq) 

M(0H)m7aq)^M(0H)m(^urf) 

The surface charge on an oxide can be expressed as 

os = F(Tyj* - rOH-) where (rH* + rOH-) is the adsorption density of the 

potential determining ions (mole per cm2) and F is the Faraday 

constant. The adsorption density can be measured by acid / base 

titration of a suspension of the oxide in water. 

The single most important parameter that describes the 

electrical double layer of an oxide in water is the point of zero 

charge (PZC). Assuming the potential differences due to 

dipoles,etc,remain constant,the surface potential is considered to be 

zero at the PZC. In contrast to the situation in which the potential -

determining .ions are specific for each system,any ions present in the 

solution can function as the counter ions. It has been well established 

that the counter ions reside in a diffuse layer that extends from the 

interface out into the solution. 

If the counter ions are adsorbed only by electrostatic 

attraction,these are called indifferent ions. On the other hand.some 
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ions exhibit surface activity in addition to electrostatic attraction 

because of such phenomena as covalent bond formation,hydrophobic 

bonding,hydrogen bonding,solvation effects etc. Because of their 

surface activity,such counter ions may be able to reverse the sign of 

the electrokinetic potential at the solid/solution interface. This 

phenomena is called the "reversal of charge". 

To date, there are no publications in the open literature on 

the electrokinetic characteristics of Cr02 in aqueous media. The 

isoelectric point of Cr203 has been investigated by Kittaka[12] as a 

function of calcination temperature. In this investigation^ calcined 

freshly precipitated chromium hydroxide at different temperatures in 

the range 600 to 1400 °C and measured their zeta potentials. He found 

the IEP to decrease from a value of 10.3 for a sample calcined at 600 

°C to a value of 4.5 for the sample calcined at 1400 ^C. 

Yates and Healy[13] measured the PZC of - chromia to be 6.35 + 

0.10 by a salt titration with KN03. They also studied the adsorption 

of sulfate ions by measuring the surface charge at a fixed pH relative 

to the PZC of the oxide determined in KNO3 solutions. From the results 

they concluded that sulfate ions shifted the PZC of - chromia 

significantly upward from pH 6.35. 

Interaction of sodium dodecyl sulfate on metallic oxides 

The interaction of sodium dodecyl sulfate with hydrous ferric 

oxide sols has been reported by Schott et al.[14]. They studied the 

effect of sodium dodecyl sulfate (SDS) on positively charged hydrous 
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ferric oxide sols (FOS) by following the adsorption and electrophoretic 

mobility as a function of added SDS. The adsorption isotherm of SDS on 

FOS is shown in Figure 1. All points were determined on sols aged 17+3 

days. They attributed the difference in SDS uptake between non -

dialyzed,dialyzed and dialyzed and stirred sols to the differences in 

specific surface area and particle size. The highest concentration of 

SDS studied was well below its critical micelle concentration ( 2.32 

gms/liter). In view of the limited range of concentrations covered, it 

was not possible to classify the isotherm. They further reported that 

the highest uptake of 0.235 gms SDS/gm Fe corresponded to a specific 

surface area of 128 m2/gm of Fe(0H)3,assuming a cross- sectional area 

r.2-
of 50(A°)per SDS molecule. 

The electrophoretic mobilities of three sols studied by Schott 

et al[14]. aire plotted in Figure 2 as a function of SDS concentration. 

The difference between the three sols probably originated from 

differences in the initial particle size (degree of agglomeration) or 

in the extent of hydrolysis. The original sols were positively charged. 

A gradual increase in SDS concentration reduced this charge, deer eased 

the electrophoretic mobility and consequently made the sols less 

stable. When the charge and the mobility were close to zero,the sols 

coagulated completely. At still higher concentrations of SDS, the sols 

became negatively charged owing to the adsorption of excess SDS. The 

adsorption isotherm (Figure 3) shows a decrease in slope in the range 

of SDS concentrations where the reversal of FOS occurs. This indicates 
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sulfate concentration.[From ref.14]. 



16 

that SDS is adsorbed less strongly on neutral or negatively charged 

ones,as expected. It is interesting to note that charge 

reversal,minimum in turbidity and change in slope of the adsorption 

isotherm occurred at the same SDS concentration of 0.07 gm/1. 

The adsorption behavior of sodium lauryl sulfate (SLS) on 

A1203 has been reported by Yoon et al.[15]and their results are shown 

in Figure 4. Yoon et al. explained the adsorption of sodium lauryl 

sulfate (SLS) on AlgOg by chemisorption. They reported that the 

infrared spectral data for the adsorbed species corresponded more 

closely to that of the aluminum lauryl sulfate than those 

characteristic for SLS or LS~ ions. They further reported that the 

adsorbed species could not be desorbed by washing with water or various 

organic solvents even in an ultrasonic bath. 

The adsorption of anionic surfactants (sodium dodecyl sulfate 

(SDS),sodium dodecyl sulfonate (SDSO) etc) at the Ti02 / solution 

interface was studied by Rastogi,Dinanath and Singh[16]. They reported 

that the shape of the adsorption isotherm in the low concentration 

region (Figure 5) is not similar to that one encounters with the 

adsorption of ionic surfactants on ionogenic surfaces,but is similar to 

S-type isotherms classified by Giles and MacEwan[17]. According to 

Giles and MacEwan,the curves in question can be obtained only when the 

solute has a poor affinity for adsorbent in its low concentration 

range. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND METHODS 

(1) Experimental materials 

The unstabilized and stabilized chromium dioxide particles used 

in the experiments were kindly supplied by Mr. S.Horton of E.I.du Pont * 

de Nemours & Company in Wilmington,Delaware. The stabilized Cr02 

particles were prepared by conditioning the unstabilized particles in 

sodium bisulfite solution. The surface area of the stabilized Cr02 

particles used was 24 m2/gm. Cr203 was obtained from Pfizer and had a 

surface area of 11 m2/gm. For the chromium analysis, reagent grade 

diphenylcarbazide was purchased from Aldrich Chemical Co. The anionic 

surfactant,sodium dodecyl sulfate (FW 288.38), was also purchased from 

Aldrich. Reagent grade cationic dye,Azure A (91 % dye content) was 

bought from Sigma Chemical Company. The chloroform used for the 

extraction of the dye and the sodium bisulfite used for the 

stabilization of Cr02 particles were obtained from the Fisher 

Scientific Company. The other chemicals used were also of reagent 

grade. 

(2) Experimental methods 

(A) Determination of chromium by diphenylcarbazide method. 

The diphenylcarbazide method is one of the best methods for the 

determination of minute amounts of chromium. The basic principle of 
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this method is that under proper condi t ions,hexavalent chromium gives 

an intense red violet color with diphenylcarbazide to form 

diphenylcarbazone [18]. This method is nearly specific for chromium in 

the sense that the only other element giving a similar violet color in 

mineral acid solution is molybdenum [19], which however reacts with 

much less sensitivity. 

The method consisted of mixing 10 cc of the diluted chromium 

solution with 1 cc of 0.075 M H2S04 to bring the pH of the solution 

to 1.2. The solution was then evaporated to fumes. After the residue 

was cooled,25 cc of distilled water and 1-2 drops of KMn04 were added 

to oxidize Cr+3 to Cr+6. The solution was heated for about 15 minutes 

without boiling and the excess KMnO^ was neutralized by sodium azide 

solution. The cooled solution was transferred to a 50 ml volumetric 

flask and 1 ml of diphenylcarbazide solution was added. The absorbance 

of the diphenylcarbazide complex was measured at a wave length of 546 

nm using a Spectronic 100 colorimeter. Beer's law was found to be valid 

up to 5 ppm of chromium. The calibration curve for chromium is shown in 

Figure 6. 

(B) Dissolution of chromium dioxide 

Two gms of Cr02 was conditioned in 100 cc of deionized and 

distilled water in a conical flask using a wrist action shaker. The 

conditioning of the chromium dioxide particles was done for different 

times upto 3 hours. The pH of the solution was measured with a Fisher 

pH controller model 650. The chromium concentration of the leach 
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solution was measured using the technique described earlier. 

(C) Stabilization of CrOo particles. 

The procedure involved, heating 88 gms of unstabilized chromium 

dioxide for two hours at 335 °C in an oven. The heated Cr02 was 

dispersed in one liter of a 50.0 gpl NaHSOg solution. The mixture was 

reacted at 65 °C for a period of 16 hours with mild agitation to keep 

the oxide suspended. 10 cc of the solution from the reaction vessel was 

withdrawn at regular intervals and analysed for chromium concentration. 

The residue was washed and filtered with 5 liters of deionized 

and distilled water to remove the dissolved salts. The stabilized Cr02 

was dried at room temperature and the dried product was ground and 

stored in a bottle to avoid contact with moisture. 

(D) Determination of sodium dodecyl sulfate as chloroform 

soluble azure A salt. 

In a 250 ml volumetric flask, 50 ml of the sample solution ( 

weakly acidic or neutral ) was brought together with 5 ml of 0.1 M 

sulfuric acid and 1 ml of Azure A reagent [20]. Then 10 ml of 

chloroform was added and the mixture was shaken for 5 minutes using a 

wrist shaker. The mixture was transferred to a separating funnel and 

the phases were allowed to separate. A large fraction of the lower 

phase was removed and centrifuged (3000 rpm for 5 minutes) to remove 

water droplets. The absorbance of the dye complex in the clarified 

solution was measured at 630 nm using a Spectronic 100 colorimeter. The 
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calibration curve for the sodium dodecyl sulfate is shown in Figure 7. 

Beer's law was found to be valid up to 1 ppm concentration of sodium 

dodecyl sulfate. 

(E) Determination of electrophoretic mobility. 

For the measurement of the electrophoretic mobility,0.01 gm of 

chromium oxide was dispersed in 1000 cc of solution in a beak 

Dispersions of the particles were obtained by placing the beaker in an 

ultrasonic bath (Bandelin Electronics,model RK-106) for 15 seconds. The 

electrophoretic measurements were made, using a Zeta Meter 

electrophoresis unit with a continuous flow cell accessory. The 

electrophoresis cell was constructed of glass and teflon with a 10 cm 

cylindrical path length. A potential gradient of 15 V/cm was applied 

across the cell between the rod shaped platinum/iridium electrodes 

vising the voltage accessory. 

All reported electrophoretic mobilities are the average of six 

mobility measurements for each sample. The polarity of the cell was 

occasionally reversed to ensure that polarization was not occurring." 

(F) Adsorption of sodium dodecyl sulfate on Cr2Q3-

For the measurement of the adsorption of sodium dodecyl sulfate 

on Cr203, 4 gms of Cr203 were conditioned in a beaker with 200 ml of a 

known concentration of sodium dodecyl sulfate. The agitation of the 

solution was carried out with the help of a magnetic stirrer. After 

conditioning for a predetermined time,the solution was filtered using a 

glass syringe and a Millipore filter (pore size 0.2 fim). The filtrate 
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was analyzed for the concentration of sodium dodecyl sulfate using the 

technique described earlier. The difference between the initial and 

final concentratians was taken as the amount' of surfactant adsorbed on 

the Cr203 particles. 

To determine the conditioning time for the maximum adsorption 

of surfactant,a sodium dodecyl sulfate solution of known concentration 

was conditioned with 4 gms of Cr203 for different times. The maximum 

adsorption was found to occur at 3 hrs of conditioning time. A 

conditioning time of 3 hours was chosen for all subsequent adsorption 

experiments. 

(G) Characterization of chromium dioxide particles. 

Cr02 particles were characterized by X - ray photoelectron 

spectroscopy using a V.G.ESCALAB (MK 2) instrument and by X - ray 

diffraction using a General Electric XRD 5 instrument. The surface area 

of the chromium oxide particles was measured by N2 adsorption using a 

Micromeritics' Digisorb 2600 surface area analyzer. 



CHAPTER 4 

EXPERIMENTAL RESULTS 

Information on the stability of Cr02 and Cr203 in aqueous media 

is vital to the understanding of the interfacial characteristics of 

these oxides. In an effort to elucidate the stability of these oxides, 

a potential - pH diagram for the Cr - H20 system was constructed for a 

dissolved chromium concentration of 20 ppm (4 x 10~4 M) (Figure 8). 

This chromium concentration was chosen based on the results from tests 

conducted to characterize the dissolution behavior of Cr02 in aqueous 

solutions. The thermodynamic data (Table 1) used for the construction 

of the Eh - pH diagram was taken from the literature edited by Bard 

[ 2 1 ] .  

The Eh - pH diagram shows a very narrow region of stability for 

Cr02. Under normal atmospheric conditions (Eh » 300 mv), Cr203 is the 

most stable solid phase in the pH range 4 to 9. It can be noticed from 

the figure that ,on contact with water at pH 6, Cr02 will tend to 

disproportionate to the more stable chromium species, i.e. CrO^-^ or 

HCr04~ and Cr203, in the absence of oxidizing and reducing agents. 

The results of the leaching tests of stabilized and 

unstabilized Cr02 are shown in Figure 9. The pH of the solution was 

always found to decrease when it came into contact with Cr02. In the 

case of unstabilized Cr02, the pH of the solution decreased from 6 to 
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TABLE 1 

Free energy of the species considered in Cr - H20 system 

Species Free enercp/ (K Cal/mole) 

H1" 0.0 

HgO - 56.687 

Cr 0.0 

Cr02 - 131.00 

Cr203 - 252.90 

Cr03 _ 122.00 
- 2  

Cr°4 _ 173.96 

HCrOj1 _ 182.80 

H2Cr04 ~ 181.80 

Cr+2 - 41.6 . 

Cr+3 - 51.4 

Cr20 2̂ - 311.0 

Cr04"3 - 176.3 

[From ref. 21] 
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3.5 while the pH dropped to 3.8 for stcdsllized particles. It typically 

required about 30 minutes for the pH to reach a stable value. 

In order to determine the ratio of Cr(III) to Cr(VI) in the 

aqueous solution, the chromium diphenylcarbazide technique was used on a 

portion of the solution without any oxidizing treatment. After 

this,another portion of the solution was treated with an oxidizing 

agent to convert any Cr(III) to Cr(VI) and the technique was 

repeated. From the difference in the absorbances measured, the 

concentration of Cr(III) present in the solution was calculated. Only a 

negligible amount of trivalent chromium was present in any of the 

solutions in which Cr02 had been leached. 

Plots of hexavalent chromium concentration in the leach 

solution against the leaching time for both stabilized and unstabilized 

Cr02 are shown in Figure 9. The dissolution of chromium from the 

unstabilized Cr02 was about 50 % higher than from the stabilized (du 

Pont) Cr02. The amount of chromium dissolved from the unstabilized and 

stabilized Cr02 corresponded to be 0.387 % and 0.19 % , respectively, 

of the initial samples (Appendices B&C). 

An effort was made to determine whether oxygen dissolved in 

water plays an important role in the dissolution of chromium dioxide. 

A leaching experiment was carried out while nitrogen was continually 

bubbled through the solution to lower the amount of dissolved oxygen . 

The results of the test revealed that the effect of oxygen on the 

dissolution of Cr02 was negligible (only a change of 0.1 - 0.2 ppm in 

the solubility was observed). 
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The results of the leaching of Cr203 showed that only 0.3 ppm 

of total chromium, of which 0.2 ppm was in the form of Cr (III), 

dissolved into the solution after 3 hours. 

The redox potential and pH of the solutions were also measured 

during the leaching of the Cr02 and Cr2°3 an^ these data are 

shown in Table 2. In the case of unstabilized Cr02»the potential 

reached a steady value (980 mv) faster than in the case of stabilized 

Cr02 particles. This could be attributed to the higher dissolution rate 

of chromium from the unstabilized Cr02 particles. The redox potential 

in the case of Cr203 was much lower than that of Cr02 (Table 2). This 

is likely due to the higher ratio of trivalent chromium to hexavalent 

chromium in the Cr203 leach solution. 

The leaching of Cr02 ceased after about half an hour, by which 

time the pH of the slurry reached a steady value. In order to ascertain 

whether the cessation of leaching was due to the acidic condition that 

existed in the solution, a test was performed, in which the pH of the 

solution was maintained constant at 6 by continually adding NaOH and 

the chromium content of the leach solution was determined at different 

leaching times. These results are also plotted in Figure 9 . The 

dissolution of chromium in the leach solution at a controlled pH of 6 

was 70 % higher than under natural conditions. 

It was then decided to compare the dissolution behavior of the 

stabilized Cr02 supplied by du Pont Inc. and freshly stabilized Cr02 

particles prepared in the laboratory according to the method described 

in the du Pont patent. As mentioned earlier,the stabilization was 



Table 2 

Eh - pH measurements of the CrO„ / H„0 and Cr^03 / H„0 systems 

Type of particles Eh (mv) 

(after 20 minutes) 

Final pH of the solution 

Stabilized CrC>2 940 3.3 

Unstabilized Cr02 980 3.3 

Cr2°3 590 3.7 
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carried out in a sodium bisulfite solution. The pH and the chromium 

content of the bisulfite solution during the stabilization process are 

plotted against treatment time in Figure 10. It is quite evident from 

the plot that the pH of the leach solution was acidic (2.5) in nature 

after conditioning for 16 hours. The color of the solution was found to 

be green due to the presence of Cr (III). No detectable hexavalent 

chromium was found in the solution. About 350 ppm of trivalent 

chromium, which represents 0.642 * of the chromium contained in the 

starting material was solubilized in 16 hours. This high solubility is 

probably due to the fact that the pH of the solution was quite low 

(2.5) and the solubility of Cr2°3 increases very rapidly with a drop in 

pH. 

The stabilized Cr02 particles prepared in this way were then 

leached in an aqueous medium for a period of 3 hrs. The hexavalent 

chromium content of the solution was found to be only 3 ppm, as 

compared to 23.5 ppm in the case of the du Pont stabilized Cr02 

particles. 

The electrokinetic characteristics of the unstabilized and 

stabilized Cr02 particles are shown in Figure 11 as a function of 

solution pH. Both types of particles were found to be negatively 

charged throughout the pH range of 4 to 10. The mobility of the 

stabilized particles became less negative as the pH was lowered, which 

is a trend commonly found with most oxides. The unstabilized 

particles, on the other hand, had approximately the same mobility 

throughout the entire pH range investigated. The figure indicates that 
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the hysteresis in the mobility values due to cycling is minimal for 

both type of particles. 

As shown in Figure 12,Cr203 particles are characterized by a 

PZC of 5.8. Potassium chloride was used as a supporting electrolyte for 

the tests. As is evident from Figure 13, KN03 and KC1 behave as 

indifferent electrolytes. It is interesting and somewhat surprising 

that the electrokinetic behavior of Cr203 is quite different from that 

of stabilized chromium dioxide particles. 

It is also possible that sulfate ions generated due to 

oxidation of sulfite ions used in the stabilization process were 

strongly adsorbed on the Cr(III) oxide layer on the surface of the 

chromium dioxide particles. To ascertain this possibility , two types 

of tests were conducted. First,the amount of sulfate adsorbed onto the 

surface of stabilized chromium dioxide particles was determined by 

analyzing the chromium dioxide leach solution for sulfate by ion 

chromatography. This test revealed that 10.8 micromoles of sulfate was 

adsorbed per gram of stabilized chromium dioxide particles, which is 

estimated to be a very low surface coverage. 

In the second type of test aimed at elucidating the role of 

sulfate ions, the electrokinetic characteristics of Cr203 were measured 

as a function of pH at different sulfate concentrations. The results of 

the test are presented in Figure 14. It is quite evident from this 

figure that sulfate ions shift the point of zeta reversal of Cr203 to 

lower pH values. For example,at a sulfate concentration of 10-4 M,the 

PZC occurs at a pH of 4.6. The shift of PZC to lower pH values 



37 

6 

PH 

8 10 

Figure 12. Electrokinetic behavior of Cr203 in 
KCl solutions. 

12 



38 

CR2°3 
1 0 " 3 M  K Q I  

10-3M KNO, 

E 
o 
\ 
> 
\ 
w 
\ 0 c o 
c_ 
o 
E 
>> 

• s  - 1  

-2 

-3 JL 

6 
PH 

8 10 12 

Figure 13. Electrokinetic behavior of Cr203 in 
10"*3 M KCl and 10" 3 M KNOo solutions. 



39 

Cr2°3 

E 1 u 1 

\ 
> 
\ 

CO 

-1 

-2 

Na2S°4 

A 1O""6M 

• 1 0~5 M 

•  1 0 -  4  M 

KCI I0"3M 

-3 _L 1 JL ± 
3 10 2 4 6 

pH 
Figure 14. Effect of sulfate icns on the 
electrophoretic mobility of Cr203 particles. 

12 



40 

indicates that sulfate ions are chemisorbing at the Cr203 / water 

interface. This effect is further brought out in Figure 15, in which 

the electrophoretic mobilities of Cr203 are plotted as a function of 

sulfate concentration at a pH of 5. The mobility of chromium (III) oxide 

particles changes sign at a sulfate concentration of approximately 2 x 

10~5 M. 

An X-ray diffraction analysis of the freshly stabilized Cr02 

sample and unstabilized Cr02, as received from du Pont, was done in an 

attempt to identify the nature of the surface layer of the stabilized 

Cr02. The results of the X-ray diffraction showed no difference between 

the two samples. Contrary to the du Pont patent [22], both the samples 

showed the presence of only Cr02. This is probably due to the fact that 

XRD is not sensitive to very thin surface layers. 

Further investigation of the surface layer of the stabilized 

Cr02 was carried out using XPS as a research tool. The results of the 

XPS analysis are shown in Figures 16 and 17. All binding energies were 

corrected for C (Is) = 284.6 ev [23]. Minor differences in the XPS 

spectra of the du Pont stabilized Cr02 particles and the unstabilized 

Cr02 particles were observed. As shown in the spectra in Figure 

16(a),the binding energy for 0 (Is) in the unstabilized Cr02 particles 

after correction for charging was found to be 528.8 ev. The binding 

energy for 0 (Is) in the du Pont stabilized Cr02 was 529.0 ev, as shown 

in figure 16 (a). A slight shoulder on the high binding energy side of 

the main peak was also observed in the stabilized sample. This is in 

the vicinity of the 0 l(s) peak reported for Cr203 (Table 3). This 
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suggests that some Cr203 may be present on the du Pont stabilized Cr02 

particles. More significant differences in the spectra of the 

unstabilized and the sample of Cr02 freshly stabilized in our 

laboratory, Figure 16(b), were observed. The spectra of the stabilized 

Cr02 particles was found to be broader with one peak and a shoulder. 

The shoulder matched well with the 0 (Is) peak of the unstabilized Cr02 

spectra and the peak showed a binding energy for 0 (Is) at 530.45 

ev,which is same as the binding energy for 0 (Is) in Cr203 . The 

spectra in both Figures 16 (a) and 16 (b) indicate that stabilization 

does produce Cr203 or a Cr203 - like compound on the surface. In 

addition, the Cr203 peak is much more prominent in the spectrum of the 

freshly stabilized Cr02 sample than that in the older Cr02. The freshly 

stabilized sample ,showed small S(2p) peaks in the full scan (Figure 17 

a). The presence of small sulfur peaks could be attributed to the use 

of NaHS03 during the stabilization process and incomplete washing of 

the sample after stabilization or adsorption of sulfate ions. The wide 

scan of the du Pont stabilized sample in Figure 17(b) did not show any 

sulfur peaks,although as mentioned before, analysis of the leach 

solution indicated that about 10.8 micromoles of sulfate/gram of 

stabilized chromium dioxide particles had adsorbed. It is probable that 

this small amount of sulfate is too low to be detected on the wide 

scan. 

The XPS spectra of Cr (2p) peaks are shown in Figure 18. The 

binding energy for Cr (2p) in the freshly stabilized Cr02 was found to 

be 576.7 ev, (Figure 18 a), which is very close to the binding energy 
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of Cr (2p) in CrOOH (576.8 ev) (Table 3). The binding energy for 

chromium in the unstabilized Cr02, occurs at 576.1 ev in Figure 19(b), 

which is close to the binding energy of Cr (2p) in Cr203 (576.0 ev) 

[24]. The results indicate that both the unstabilized and stabilized 

Cr02 may have contained some Cr203 ( CrOOH) . However, a definite 

conclusion cannot be made due to the closeness of Cr (2p) peaks for 

these and other Cr compounds (Table 3). different species. 

The results of the XPS analysis show that the stabilization 

produces a layer of Cr203 forms on the surface of the Cr02 particles. 

An attempt was made to investigate the adsorption of sodium dodecyl 

sulfate on the surface of the Cr203 particles to determine what role 

it might play in the dispersion of Cr02 particles. The adsorption 

density of SDS on Cr203 at pH 4.5 is plotted as a function of its 

equilibrium concentration in Figure 19 along with the electrophoretic 

mobility. At low concentrations of sodium dodecyl sulfate (< 5 ppm),the 

adsorption is very low (10-11 mole/cm2). However, when the SDS 

concentration is raised above io-^'® M, the adsorption density begins 

to rise more steeply and the electrophoretic mobility begins to 

decrease and eventually change sign. This correlation indicates that 

SDS may be chemisorbing onto the Cr203 particles. 
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Table 3 

XPS ~ energy assignments. 

Element Species Binding energy (eV) 

0Jtygen ls Cr:01 530.2 
Cr(C0)6 534.3 

Chromium 2pllz metal 574.0 
Cr01 · 576.0 
Cr20 1 • 576.0 
Cr01 578.0 

CrOOH · 576.8 

Cr:S1 574.6 
CrN 575.5 
CrCI1 577.5 

Carbon Is graphite 284.5 
-COOH 239.0 
Cr7C1 282.91> 

Sulfur 2s s,. s .. 228.0 
Cr2S1 226.0 

[From ref. 24] 
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CHAPTER FIVE 

DISCUSSION 

Leaching experiments 

From the results of the leaching of chromium dioxide 

particles,it is evident that Cr02 releases mostly hexavalent chromium 

and the ratio of Cr (III) / Cr (VI) is negligible. This holds true for 

both the stabilized and the unstabilized chromium dioxide particles. 

This tendency of Cr02 to release strongly oxidizing hexavalent 

chromium has been found to degrade polyurethane binders used in the 

manufacture of flexible magnetic tapes [2]. 

The analytical technique used in this study cannot distinguish 

between the different Cr (VI) species that may be present, i.e, HCrO^, 

CrO^, Cr20^ However, in the pH range 3-4, the equilibrium ratio of 

[HCrO^] / [CrO^] can be calculated to be between 300 and 30 [21 ]. It 

is also possible to show that for typical soluble chromium levels 

observed in these studies, very little (—3%) Cr20^-forms under 

equuilibrium conditions (see Appendix G). We can therefore consider 

HCrO^ to be the principal hexavalent species being generated during the 

leaching of Cr02. The leaching experiments also demonstrated that the 

dissolution does not depend on the presence of oxygen. On the basis of 

these considerations, it appears that Cr02 dissolves primarily by the 

disproportionation reaction : 

49 
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3 Cr02 + HgO —» Cr203 + HCrO^ + H *. (5.1) 

It should also be noted that this reaction produces H+ ions, which is 

consistent with the experimental observations that the pH drops during 

leaching and that the solubility of Cr02 was highest when the pH was 

held at 6 (Figure 9). The ratio of[H+] /[Cr (VI)] in the case of 

stabilized Cr02 at pH 3.5 was calculated to be 0.71. Theoretically, the 

ratio should be 1.0. It is possible that a fraction of the H+ ions 

formed by the reaction mentioned above is consumed by some other 

reaction which decreases the activity of H+ ions. However, the 

discrepancy is more likely due to the slight errors in measuring the pH 

of the solution. A deviation of only a few tenths of a pH unit in the 

vicinity of pH 3.5 can Make a dramatic difference in the [H+] / 

[Cr(VI)] ratio. 

As mentioned in the previous chapter,stabilized chromium 

dioxide particles from du Pont released 23.5 ppm of hexavalent chromium 

upon dissolution in an aqueous medium. This is much higher than the EPA 

limit (0.05 mg/m3) [3 ,25]. However, it is doubtful if Cr02 based tapes 

would release so much chromium (+6) when in contact with moisture 

because the particles are encapsulated in a polymeric binder. 

Although the tests conducted at a controlled pH of 6 showed a 

higher concentration of chromium in solution than when the pH is not 

controlled,both cases showed that dissolution stopped after about 30 

minutes (Figure 9). It is possible that the leaching ceases due to 
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the formation of a thin layer of Cr203 on the surface of the 

particles. 

Stabilization of CrOo 

Assuming all the Cr02 particles become uniformly coated with 

Cr2°3 during the stabilization treatment, the layer is calculated to 

have a thickness of about 1 A0 (Appendix D). This clearly is 

impossible. The most plausible explanation for this is that contrary to 

the assumption used in the calculation of the thickness, not all of the 

particle surfaces are equally exposed to the bisulfite solution. In 

fact, it is well known from experience in the magnetic media industry 

that magnetic particles used in the preparation of magnetic inks 

contain agglomerates due to the strong attractive magnetic 

interactions[28]. Due to this agglomeration , not all of the particle 

surface will be exposed for the conversion to Cr203 (CrOOH). During 

redispersion, the Cr203 - coated agglomerates may break and expose 

fresh Cr02 surfaces. This may be the reason why even stabilized Cr02 

particles release Cr+® on contact with solution and why freshly 

stabilized Cr02 has much higher solubility (3 ppm) than does pure Cr203 

(0.3 ppm). This may also explain why the electrokinetic behavior of 

stabilized Cr02 appears to be intermediate to that of unstabilized Cr02 

and Cr203. On the one hand, the electrophoretic mobility remains 

negative throughout the pH range 4-10 (similar to unstabilized 

Cr02), but on the other hand, it becomes less negative as the pH is 

lowered (similar to Cr203). 
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It is evident from the results of the leaching tests that Cr02 

particles are inherently unstable and by surface treatment the 

instability can be reduced to a very good extent. Nevertheless, even 

freshly stabilized Cr02 particles are still quite soluble (3ppm). It 

appears that better results can be obtained if the agglomerates can be 

dispersed during the stabilization of the Cr02 particles. The XPS data 

and the leaching experiments showed that freshly stabilized Cr02 had 

more Cr203 on the surface than du Pont stabilized sample (see Figure 16 

a and 16 b) and this resulted in a lower solibility. Consequently, this 

instability could be further reduced by holding the Cr02 particles in 

an inert atmosphere and reducing the holding time between their 

synthesis and casting of the magnetic tapes. This might improve the 

quality of the tapes manufactured. 

Adsorption of SDS on Cr203 

The adsorption isotherm and electrokinetic behavior of the 

Cr203 system strongly suggest that at low concentrations,the surfactant 

ions (SDS) are adsorbed as individual counter - ions, but at higher 

concentrations they associate through interaction of hydrocarbon chains 

of these ions adsorbed in the Stern layer. Such an association of the 

adsorbed species has been postulated to result in the formation of 

hemimicelles [10]. The sharp break upwards in the adsorption isotherm 

shown in Figure 19 reflects hemimicelle formation. It is worth 

mentioning that in this system ,hemimicelle formation is estimated to 

occur at a bulk concentration of about 6.6 x 10-^ M sodium dodecyl 
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sulfate (Figure 19),which is only one - tenth of the bulk critical 

micelle concentration of this material [26]. 

As shown in appendix E, the monolayer coverage is calculated to 

occur at 3.48 X 10~10 moles/cm2 (log rffl=-9.5 moles/cm2). This was 

calculated assuming SDS has a cross sectional area of 50 A° [26]. 

Figure 19 shows that the zeta potential reversal occurs at an 

adsorption density of 5 x 10-11 moles/ cm2, which corresponds to about 

a 15 % coverage of the surface of the Cr203 particles. The surface 

charge of the particles becomes more negative with the adsorption of 

the sodium dodecyl sulfate on the Cr203 particles. This indicates that 

zeta potential reversal occurs before the formation of the monolayer 

coverage. 

The results of the electrophoretic tests and the adsorption 

tests clearly demonstrate that the S04 adsorption makes the surface 

more acidic which may have important implications for the choice of a 

dispersion and binder in magnetic media formulation. 

By means of the Stern - Grahame model of the double layer,the 

contribution of the chain - chain interaction energy- (<j>) to the 

adsorption potential was evaluated. This was found to be = 0.440 

Kcal/mole of CH2 group(see Appendix F). Many researchers have 

reported the value of 0.6 Kcal/mole of CH2 group. The difference 

between the widely reported and calculated value could be due to the 

fact that not all the groups in the molecule may contribute energy for 

the chain chain interaction. If a value of 0.6 is assumed for (<]>), the 

effective number of CH2 groups involved in the interaction can be 



calculated to be 9. 

As mentioned earlier,no data on the adsorption of sodium 

dodecyl sulfate on Cr203 is available in the open literature. However, 

from the Table 4, it appears that the adsorption density of sodium 

dodecyl sulfate on Cr203 is much higher (13.88 X 10~10 mole/cm2) 

compared to its adsorption on AI2O3 (8 x 10-11 mole /cm2) and on 

T102 (0.19 X 10"10 mole/cm2). 



Table 4 

Adsorption data 

Adsorption 
of 

Material Cone. Surface 
area 

Adsorption 
density 

1. SOS Ti02 Eq.conc. 
2.4*10-6 mole/liter 

102 m2/gm 0.19*10-10 mole/cm2 
moles/cm2 

2. SLS Ferric 
Dxide sols. 

1.3*10-3 mole/liter 128 m2/gm 0.235 gm SDS/gm Fe 

3. SLS A1203 3*10-3 mole/liter 200 m2/gm 8*10-11 moles/cm2 

4. SDS Cr203 3*10-3 mole/liter 11 m2/gm 13.88 *10-10 mole/cm2 



CONCLUSIONS 

(1) On contact with aqueous solutions, Cr02 samples dissolve to 

primarily generate hexavalent chromium . Unstabilized Cr02 showed a 

considerably higher solubility than stabilized ones and in both cases 

the solubilities were well above EPA limit for Cr (VI). 

(2) The principal reaction by which Cr02 dissolves was found to be: 

3Cr02 + H20-*Cr203 + HC1O4 + H+ 

(3> Leaching tests showed that Cr203 is much less soluble than Cr02 

(0.3 ppm) and that both Cr(III) and Cr(VI) are produced during 

dissolution. 

(4) XPS analysis indicates that stabilization treatment of Cr02 does 

produce a Cr203 or a Cr203 - like product on the particles. However, 

the magnetic properties of Cr02 cause them to agglomerate with the 

result that this Cr203 layer does not form uniformly over the surfaces 

of the particles. This explains why stabilized Cr02 still has a much 

higher solubility than does pure Cr203. 

(5/ Aging of stabilized Cr02 seems to deteriorate the Cr203 coating and 

increase the amount of hexavalent chromium that can dissolve in the 

aqueous medium. 

(6) X - ray diffraction technique used for the analysis could not 
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detect the presence of Cr203 on the surface of the particles. This is 

due to the fact that X - ray diffraction technique is not sensitive to 

the very thin layer on the surface of the particles. 

(7) Cr02 particles could rot be characterized by a point of zero charge 

in the pH range 3 to 10, whereas Cr203 was found to have a PZC of 5.8. 

(8) Sulfate ions seem to strongly chemisorb on Cr^03 particles. 

(9) The electrokinetic behavior of stabilized Cr02 particles seem to 

resemble that of Cr203 particles conditioned in sulfate solutions. 

(10) During the adsorption of sodium dodecyl sulfate on Cr203 the 

electrophoretic mobility was found to sharply drop at a concentration 

close to the concentration at which a sharp rise in the adsorption 

density took place. This indicates that sodium dodecyl sulfate can 

chemisorb on the surface of the Cr203 particles. 



APPENDIX A 

CALCULATION OF THE DISSOLUTION OF CHROMIUM DURING THE 
STABILIZATION PROCESS 
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Weight of the unstabilized Cr02 particles = 88 gram Volume of 

Volume of water in the reaction vessel = 1000 cc 

Chromium content in the solution = 350 ppm 

Chromium content in 1000 cc water = 0.35 grams 

Chromium content in 88 grams of Cr02 = (52/84) X 88 = 54.47 

grams. 

% dissolution = (0.35/54.47) X 100 % 

= 0.642 % 



APPENDIX B 

DISSOLUTION OF UNSTABILIZED CHROMIUM DIOXIDE 
PARTICLES 
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Weight of Cr02 particles = 2 grams 

Volume of water in the flask = 100 cc 

Concentration of chromium in the leach solution = 48 ppra 

Chromium content in 100 cc of water = 0.0048 grams 

% dissolution = (0.0048/1.2381) X 100 * 

= 0.387 % 



APPENDIX C 

DISSOLUTION OF STABILIZED CHROMIUM DIOXIDE 
PARTICLES 
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Weight of Cr02 particles = 2 grams 

Volume of water in the flask = 100 cc 

Cancentration of chromium in the solution - 23.5 ppm 

Amount of chromium in the solution = 0.00235 grams 

% dissolution = (0.00235/1.2381) X 100 % 

= 0.19 % 



APPENDIX D 

CALCULATION OF THE THICKNESS OF Cr203 DURING 
THE DISSOLUTION AND STABILIZATION OF Cr02 

PARTICLES 
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Using the equation: 

3 Cr02 -» Cr203 + Cr03 

Concentration of chromium in the solution = 48 ppm 

Amount of chromium in 100 cc solution = 0.0048 grams 

0.0048 grams of chromium releases from 2 grams of Cr02 

52 grams of Cr (Cr03) = 152 grams of Cr203 

0.0048 grams of Cr = 1.40308 X 10~2 grams of Cr203 

Density of Cr203 = 5.21 [From ref.27] 

Volume of Cr203 = 2.6930 X 10~3 cc 

Volume of Cr203/gram = 1.3465 X 10~3 

Size of the Cr02 particle : 

Diameter = 0.06 /*m 
[From ref.3] 

Length = 0.6/im 

Volume of the Cr02 particle = it fr2h 

=16.956 X 10"16 cc 

Considering the density of Cr02 particles = 4.85 grams/cc 

[From ref.27] 

Weight of one particle = 82.2366 X 10~16 gram 
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# of particles per gram = 1216 X 1011 

1216 X 1011 particles form 1.3465 X 10"3 cc of Cr203 

Cr203 formed per particle = 1.1073 X 10~17 cc 

Volume of Cr203 = (Volume of Cr02 particle) - (Volume of the 

particle after dissolution). 

-53.6473 X 10~17 = 2 X X3 -72 X 10~6 X X2 +378 X 10"12 X X -

5.4 X 10"16 

X = 9.34733E-009 cm 

= 0.935 A°. 



Equation used: 

3 CrC>2—* Cr20g + CrOg 

Concentration of chromium in the leach solution = 350 ppm 

Amount of chromium in the solution = 0.35 gram 

0.35 gram of chromium releases from 88 grams of Cr02 

52 grams of chromium (CrOg) = 152 grams of Cr20g 

0.35 grams of chromium = 1.02307 grams of Cr20g 

Considering the density of Cr20g = 5.21 gram/cc [Prom ref.27] 

Volume of Cr20g = 0.196366 cc 

Volume of Cr20g/gram = 22.314 X 10~4 cc 

Volume of the particle of Cr02 = 16.956 X 10~16 cc 

# of particles /gram = 1216 X 101* 

1216 X 1011 particles of Cr02 releases 22.314"4 cc of Cr20g 

1 particle of Cr02 releases 18.35 X 10-18 cc of Cr20g 

Volume of Cr20g = (Volume of Cr02 particle) - (Volume of the 

Cr02 particle after reduction) 

-534.15 X 10"18 = 2 X X3 - 72 X 10"6 X X2 +378 X 10"12 X X -

5.4 X 10~16. 

x = 1.55221E-008 cm 

= 1.55 A° 



APPENDIX E 

CALCULATION OF ADSORPTION DENSITY AT 
MONOLAYER COVERAGE 
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Equatiion used: 

Tin 1 = 1/(A X N) 

Where in 

A = cross sectional area of the surfactant molecule 

N = avagrados1 number 

= 6.023 X 1023 /mole 

Area = 50(A°fiFrom ref 26] 

= (1/(50 X 10~8)2) X (1/(6.023 X 1023)) mole/cm2 

= 3.32 X 10~10 mole/cm2 

Log rm= - 9.5 mole/ cm2 



APPENDIX F 

CALCULATION OF THE CHAIN - CHAIN INTERACTION 
ENERGY 
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From the Grahame model of the double layer,the contribution 

of the chain - chain interaction energy per mole of CH2 

groups to the adsorption potential can be calculated. 

The contribution of the hydrophobic bond to the adsorption 

process: 

AGSydroph = N<t> 

Where in 

N = number of CH2 groups in the chain 

4*= chain - chain interaction energy. 

Sodium dodecyl sulfate (SDS) = CH3(CH2) 1 jOSOgNa 

The adsorption density, , of the surfactant ions in the 

Stern plane in the absence of chemisorption plane is given 

by: 

where r is the effective radius of the adsorbed ion and C is 

the bulk concentration. Under conditions where is zero,the 

Stern - Graham expression for the specific adsorption is: 

(ra) o = 2rC0 exp(— N(f>/RT) 



considering area = SOifP) 3 " 

r = (50/3.14)1/2 

= 0.399 X 10"7 cm 

CQ = log (- 3.29) [From figure 19] 

= 512.9 X 10~® mole/cc 

R = 1.98 cal/O^/gm mole 

T = 298 k 

<l> = (-) 0.440 Kcal/mole 

Considering the theoretical value of </> = 0.6 Kcal/mole [10] 

the value of N was calculated to be 8.8 % 9. 



APPENDIX G 

DETERMINATION OF THE CHROMIUM SPECIES IN THE LEACH 
SOLUTION OF Cr02 PARTICLES 
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Candidering the reaction: 

2 HCr04~ = + H2° 

A|'G° = - 311.0 - 56.687 - 2 (- 182. 

= - 2.087 

- KT In K = - 2.087 X 10 3 cal / mole 

- 1.98 X 298 In K = 2.087 X 10 3 cal / mole 

K = 34.36 

[Cr20^*] = 34.36 [ HCrO^] 

2 [Cr20^] + [HCroJ] = 4 X 10"4 

2 X 10"4 - 1/2 [HCrO^] = 34.36 [HCrO^] 

[HCrOj] = 3.5 X 10~4 moles 

[Cr207] = 12.5 X 10"6 moles 

[HCroJ] / [Cr2(^] = 30 
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