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3UTRQKJCTIQN 

Mutual protective action against crystallization vas first ob¬ 

served by Milligan and Holmes in 1941(11). In an x-ray diffraction study 

of the system CuO-Fe^O^, it vas found that 90 to 70 mole per cent of 

ferric oxide inhibited the crystallization of cupric oxide, vhile at lover 

concentrations the cupric oxide inhibited the cxystalllzatlon of the fer¬ 

ric oxide. Mutual protection vas then defined as the ability of metallic 

oxides in a mixture to mutually inhibit the crystallization of one another. 

Further investigation has shovn that mutual protective action 

exists in other binary metallic oxide systems (12,13) cuod in at least one 

ternary system (15 ). The phenomenon may be accompanied by compound forma¬ 

tion and solid solution, but neither of these occurrences are necessary 

conditions. 

X-ray diffraction methods comprise an excellent tool for the 

investigation of mutual protective action, since the diffraction patterns 

readily provide Information concerning the degree of crystallinity of 

solid materials, and the chemical Identity of the crystalline phases 

present. Another method of investigating mutual protective action is 

that of the adsorption of vapors. Adsorption data furnishes information 

concerning the surface characteristics of solid materials such as sur¬ 

face area and pore structure. 

Both the mutual protective action and the surface characteris¬ 

tics appear to depend on the chemical composition of the sample, the 
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method of foimatlon, and subsequent treatment. In this thesis, the re¬ 

sults of a systematic study of the system SlO-Cr^O^ Is reported. The 

method of formation of all of the samples vas Identical, hut the chemi¬ 

cal composition vas varied unifoxmly, and separate portions vere heated 

to various temperatures for periods of two hours. Adsorption and x-ray 

diffraction studies vere carried out on each of the series of samples 

thus formed In order to investigate the behavior of the surface charac¬ 

teristics end mutual protective action under these varying conditions. 

Mutual protective action In the system MO-CrgO^ has been 

previously studied over the complete composition range by Milligan and 

Watt (15). ïbls vork vas done in connection vith an Investigation of a 

ternary system, HiO-C^Og-ZrOg, and the results reported for a tempera¬ 

ture level of 500*C., agree vith the results presented here for the 

same temperature of heat treatment. 
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n 
BŒERIMEHTAL 

All of the samples used In these experiments vere prepared by 

heat treatment of the corresponding hydrous oxide gels. To Insure uni¬ 

formly mixed gels of the proper composition, both of the components were 

simultaneously precipitated from solution. 

Eleven such gels were prepared, varying from 0 to 100 per cent 

H10 In steps of 10 mole per cent. The solutions from which these gels 

were precipitated were prepared by quantitative mixing of chromic and 

nickelous nitrate solutions which were 0.5 molar in CTgO and MO re- • 

spectively. Sixty ml. portions of these mixtures were placed In jars 

of five hundred ml. capacity. A fifty ml. beaker, containing enough 0.5 

molar ammonium hydroxide to cause complete precipitation of both metal¬ 

lic ions was carefully placed in each jar, and then wedged between the 

bottom of the jar a tightly fitting lid by means of a rubber tipped 

stirring rod. The simultaneous precipitation of both components was ef¬ 

fected by quickly inverting the jars, and shaking them vigorously. It 

should be noted that different amounts of ammonium hydroxide are re¬ 

quired for each of the different mixtures of the solutions, and an ex¬ 

cess of ammonia is to be avoided since the nickel-ammonia complex Ion 

Is very soluble In water. The precipitated gels thus prepared were 

washed in a centrifuge until the nitrate ion could no longer be detected 

in the supernatant liquid. After washing was complete, the samples were 

allowed to dry at room temperature. 
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The several heat-treatments vere made hy placing the samples, 

in porcelain crucibles, In a pre-heated electric muffle furnace equipped 

vith a thermostatic control. For heat treatment of the samples, seven 

different temperature levels vere chosen: 250, 300, 350, 400, 500, 600, 

and 700*C. Portions of each of the eleven gels of different composition 

vere heated for two hour periods at each of these temperature levels, and 

then allowed to cool normally in contact with the atmosphere. The series 

of seventy-seven samples thus formed vas investigated "by x-ray diffrac¬ 

tion and sorption-desorption methods. 

The techniques of x-ray diffraction are veil known, and a general 

discussion of them would he out of place in this report. Specifically, 

the x-ray diffraction patterns were made using the Debye-Sherrer powder 

method (4). The x-radiations employed vere of the chromium wave 

lengths, and a vanadium pentoxide filter vas used to remove the wave 

lengths. 

The adsorption isotherms were obtained in a multiple sorption- 

desorption apparatus designed and constructed hy Milligan and Simpson 

(l6) • The details of construction and operation of this device have been 

fully described elsewhere (2,17). Several modifications have been made 

since the construction of the apparatus, but the only essential difference 

is that it is now capable of handling fifteen samples simultaneously. 

In all of the experiments, water vas used as the vapor to be adsorbed, and 

the temperature of the samples was twelve degrees centigrade. 
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ni 
DISCUSSION 

A. X-Ray Diffraction Studies 

At all of the temperature levels investigated, the x-ray dif¬ 

fraction patterns are either those of NiO, CrgOg, or patterns consist¬ 

ing of one of these superimposed on that of the other. Even at the 700* 

C. level, the samples consisted of mixtures of NiO and Cr20g crystals 

vith no indication of solid solution, or compound formation. However, 

Stumpf and Thamassen have Investigated the phase equilibrium diagram for 

NiO-CTgOg between 800*C. and l450*C., and report (18) the appearance of 

the compound NlCkCr^O^, as veil as the formation of solid solutions at 

the higher temperatures. 

In this series of experiments, all of the samples heated to 

the level of 250*C. were essentially amorphous to x-rays. At the level 

of 300*C., the samples consisting of pure NiO, or pure CrgOg, gave 

faintly crystalline patterns. Hie intermediate compositions, however, 

were amorphous to x-rays, and it may be concluded that the oxides are 

mutually Inhibiting the crystallization of one another. The temperature 

level of 350* C. also gave weakly crystalline patterns for the samples 

of pure NiO and pure Ch^Oj, and some of the samples of intermediate com¬ 

position gave a few broad diffraction bands. The interpretation of 

these patterns on the basis of mutual protection at this temperature 

level leads to the same conclusions that were reached for the 300*C. 
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level. 

The x-ray diffraction patterns of the eleven samples of vary¬ 

ing composition, heated to the temperature level of 400*C. are shown In 

figure 1. It may "be seen that the samples containing 50, 60, and 70 mole 

per cent N10 are amorphous to x-rays, and the mutual protective effect 

extends, although It Is less pronounced, to the samples containing from 

40 mole per cent MO through 90 mole per cent MO. The samples contain¬ 

ing from 40 to 20 mole per cent of MO show progressively weaker patterns 

of crystalline MO on the original film. At a composition of 10 mole 

per cent of MO, the x-ray diffraction methods can not he expected to de¬ 

tect such a small amount of MO under these conditions even If It was 

present In crystalline form. At the other end of the composition range, 

neither of the patterns are very strong, and the CrgO^ pattern, does not 

appear at all when it comprises less than 60 mole per cent of the mixture. 

Figure 2 shows the diffraction patterns of the eleven samples 

after heat treatment at the 500*C. level. At this temperature, all of 

the samples are at least partially crystalline, except the one contain¬ 

ing 70 mole per cent M0 which is essentially amorphous to x-rays. On 

the basis of these diagrams, the region of maximum mutual protection ap¬ 

pears to have shifted toward the pure M0 end of the series. Crystalli¬ 

zation of the M0 Is noticeably Inhibited by 10 and 20 mole per cent of 

0I*2°3> 'whereas the pattern of persists up to a composition of 60 

mole per cent M0. 

The diffraction patterns of the samples heated to 600*C. 

(figure 3) indicate that the region of maximum mutual protection lies at 

the composition containing 60 mole per cent of M0, since that sample 



gives the weakest pattern. The pattern of MO is discemahie in the 

samples containing up to 30 mole per cent CrgOg, while that of the Cr20^ 

can he detected in samples containing up to 60 mole per cent MO. 

All of the samples which were heated to 700*C. gpve definite 

x-ray diffraction patterns which indicated that at each composition level 

the components existed as crystals of MO mixed with crystals of CrgO^. 

From the temperature level of 300*C. up through that of 600*C. 

there exists a region of composition over which each oxide inhibits the 

crystallization of the other. This region appears to shift slightly 

with the temperature of heat treatment, and disappears almost completely 

at the temperature level of 700* C. This range of maximum mutual protec¬ 

tion grows progressively narrower with increase in the temperature of 

heat treatment. 

Generally, the degree of crystallinity of all samples tended to 

Increase as the temperature of heat treatment was increased. The excep¬ 

tions to this trend lie in the composition range of 50 to 60 mole per 

cent MO, where the range of maximum mutual protection appears to shift 

with an increase in the temperature level of heat treatment. Further¬ 

more, in small amounts, the CrgOg appears to he more effective in the 

inhibition of crystallization of the MO than the MO is in the inhibi¬ 

tion of the crystallization of the CrgO^. 

B. Adsorption Studies 

Adsorption of vapors has been widely used as a tool to measure 

surface areas of solid materials, and much work has been done in the fur¬ 

ther interpretation of adsorption data (5). It is not the purpose of this 

thesis to compare the various techniques of adsorption, or the equations 
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vhlch may te applied to translate experimental data into specific surface 

areas. For the purposes of making graphical comparisons, the Brunauer- 

Eramett-Teller equation (1) has been used as the equation better suited to 

the data. The Barkins-Jura equation (7,8) gave specific surface areas 

vhlch vere in good agreement with the values used, but since the overall 

conclusions vould have been the same, all of the data vere calculated ac¬ 

cording to the former equation in the interest of consistency. 

The Brunauer-Emmett-Teller equation is a relationship develop¬ 

ed by a generalization of Langmiir’s theory (9) to include multimolecular 

adsorption. It relates the pressure of the sorbate over the sample to 

the amount of adsorbed vapor at that pressure. The equation is generally 

applied to experimental data in its linear form: 

P 1 + P(C-l) 

" Ve 

vhere; 

P is the pressure of the sorbate at the equilibrium 

PQ is the saturation pressure of the sorbate, or the vapor 

pressure of the material being adsorbed at the temperature of 

the equilibrium 

q^ is the quantity of vapor, in grams, vhlch is adsorbed by 

one gram of the sample vhen the surface is covered vith a mono- 

layer of the sorbate molecules 

q is the quantity of vapor, in grams, vhlch is adsorbed by one 

gram of the sample at equilibrium 

C is a constant, at any given temperature, and for any given 

system of vapor and adsorbent. 
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The method "by vhich this equation was developed is given by 

Brunauer, Emmett, and Teller in the article mentioned in reference (l). 

Each isotherm yields a number of points in which P and V are 

variable, and if these are plotted as P/q(PQ-P) against P/P0, the slope 

of the resultant straight line will he equal to (Ol)/qmC and the inter¬ 

cept will he equal to l/q^C. If we let the slope be. designated by A, and 

the intercept by B, we find that the quantity of vapor necessary to cover 

all the available surface with a layer of the sorbate one molecule thick 

is given by 

\ = 1/(A + B) 

The specific surface is then found through the equation 

Z - wjrM 
where; 

5" is the specific surface, or the area of available surface 

per gram of adsorbent 

N is Avogadro's number 

cr is the cross sectional area of a single molecule in the plana 

of the adsorbent surface 

M is the molecular weight of the sorbate. 

The quantity, <T , is generally evaluated from the equation; 

<r= F(M/N P )2/3 

where; 

p is the density of the bulk phase of the sorbate taken at 

the same temperature at which the experimental equilibrium 

is obtained 
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F is a factor which takes into account the method of packing 

together that the molecules assume on the surface of the ad¬ 

sorbent. For the value of F in these calculations, hexagonal 

close packing was supposed, and the corresponding value for F 

is 1.091 (6,10). 

Figures 5 through 15 are the sorption-desorption isotherms for 

each of the eleven samples heated at different compositions. On these 

graphs the values of x/m, corresponding to in the Brunauer-Emmett- 

Teller equation, are plotted as the ordinates. The abciseae are P/PQ. 

Figure 4 is a graphical representation of the surface areas calculated 

from these curves in which the isothermal value of the specific surface 

areas are plotted against the mole per cent of composition. 

From figure 4 it may be seen that the curves for 2^0*0. and 

300*C. differ in shape from the remainder of the isotherms. At the 

temperature level of 250*0., the maximum specific surface corresponds to 

a composition of SO mole per cent of NiO, and at 300*0., 85 mole per cent 

of HiO. These maxima are considerably sharper than those found at the 

higher temperature levels. The general difference in shape indicates 

that a temperature of transition lies between 300*0. and 350*C. 

The surface area curves for the higher temperature levels pos¬ 

sess the same general shape. For each curve, the observed surface area 

attains a maximum, and tends to fall off more rapidly with an increase 

in the mole per cent of (b^O^ than with an increase in the mole per cent 

of HiO. As the temperature level of heat treatment is increased, the 

composition exhibiting the ma/H-m-inn surface area tends to contain more 

and more HiO. Thus at 350*0. the composition which has the maximum 
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surface area contains 50 mole per cent H10, vhereas at 700*C. the curve 

has become almost flat, and the maximum point falls at a composition of 

70 mole per cent NiO. 

It is interesting to note that in the range where mutual pro¬ 

tective action may he studied vith x-ray diffraction methods, the maxi¬ 

mum specific surface areas as measured by the adsorption methods tend to 

fall at approximately the same composition levels as the region of maxi¬ 

mum mutual protective action. On the basis of these experiments, vhich 

deal only vith the system KiO-Cr^O^, no definite conclusions may be drawn 

as to the generality of this correlation. Further studies in other sys¬ 

tems vhich exhibit mutual protective action must be made before any 

general conclusions may be drawn. 

The hysteresis effects often observed in sorption- de sorption 

isotherms may be interpreted on the basis of pore structure of the sample. 

Since the existence of pores as small cylindrical holes in the solid can 

not be conclusively shown, the assumption will not be made here that the 

following calculations give actual radii of existing pores. Bather, the 

existence of such pores will be considered as purely hypothetical and the 

hypothetical pore radii vill be taken to represent some structural pro¬ 

perty of the solids. The arguments concerning the exact structural quali¬ 

ties of the samples vhich are responsible for hysteresis effects (2,14) 

do not lie within the scope of this thesis, although the calculation of 

the frequency of size distribution of these pore radii as though they 

did not exist may be considered supplementary in the investigation of the 

physical structure of these mixed oxide samples. 

The calculations used in obtaining the data for the graphical 
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presentation of the frequency of distribution of pore sizes follows the 

treatment of Thompson (19) and Its later development hy Cohan (3). The 

equation giving the pore radius as a function of the partial pressure is; 

r M/P x 0.431J-3 

“ ET log P/PQ 

where; 

r is the pore radius 

M Is the molecular weight of the adsorbate 

D is the density of the bulk phase of the sorbate at the temp¬ 

erature of the equilibrium 

PQ is the saturation pressure of the adsorbate at the tempera¬ 

ture of the equilibrium 

R is the gas constant 

T is the absolute temperature at equilibrium. 

The equation has been developed so that any pore which has a 

radius of less than r will have a vapor pressure greater than the corres¬ 

ponding P/P0 and will empty its contents when the partial pressure 

(P/PQ) falls below that value. If the desorption curve is taken to re¬ 

present the amount of vapor which remains condensed in the pores at any 

value of P/Pq, the total quantity of adsorbed vapor may be considered to 

equal the quantity contained by all of the pores which have radii cor¬ 

responding to P/PO values equal to or less than the value under consider¬ 

ation. The slope of the curve obtained by plotting the volume of the 

remaining pores against the pore radii will then be a measurement of 

the frequency of occurrence of pores for any particular radius, r. 

The figures 16-22 give graphs of such slopes plotted against 
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the pore radii. The maximum point of these curves represents the most 

frequent pore radius. It should he noted that these radii are uncor¬ 

rected for the breadth of any layer of adsorbed molecules that may re¬ 

main as the pore empties under the diminished pressure. The correction 

Is not of crucial Importance in these studies, and It is not made be¬ 

cause the exact number of molecules vhich comprise this layer has not 

yet been determined. 

The graphs Indicate vlthout exception that the most frequent 

pore size tends to Increase as the temperature of heat treatment in¬ 

creases. The graphs also show that the water molecules are too large 

to effectively resolve the very small pores. The hysteresis disappears 

at low pressures, and any pores with diameters smaller than that of a 

water molecule can not be detected. For those compositions containing 

less than 40 mole per cent of NiO, the most frequent pore radii appear 

to be too large to be measured by these methods, [cf. Emmett: American 

Soc. Testing Materials, Symposium on New Methods for Particle Size De¬ 

termination in Subsieve Bangs 19^1. 95*] 

In this system, the most frequent pore radii tend to become 

smaller for the compositions which correspond to the regions of maxi- 

o 
mum mutual protection. Thus, a most frequent pore radius of 22 A. is 

obtained for the sample containing 70 mole per cent HiO heated to 500*C. 

o 
Pure HiO has a correspondingly small most frequent pore radius of 20 A. 

at the temperature level of 250*C., and heat treatment at 500*0. in- 

, o 
creases this figure to 65 A. In a system of this type, a large number 

of pores of small radius will account for a large part of the increase 

in surface area. 
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IV 

SUMMREÏ 

1. The system NiO-CTgO^ has been studied by x-ray diffraction 

and adsorption methods with respect to variations in composition and 

heat treatment. 

2. The samples investigated varied from pure NiO to pure 

Cr2°3 s,fcePs °* ten mol© per cent. These samples were heat treated 

for two hours at temperatures of 250, 300, 350* 400, 500, 600, and 700*C. 

3. The x-ray diffraction patterns indicated that both components 

mutually inhibited the crystallization of one another at the temperature 

levels below 700*C. At 700*C. the system tended to be crystalline at 

all compositions. The region of maximum mutual protection lies at a 

composition of 60 mole per cent NiO, and shifts slightly with variation 

in temperature. 

4. Calculation of specific surface areas indicated that at 

temperatures of heat treatment of 35°*C. and above, the composition ex¬ 

hibiting the maximum specific surface lay between 50 and 70 mole per cent 

NiO. The maximum surface composition tended to shift toward the pure 

nickel oxide end of the composition range as the temperature of heat 

treatment was raised. At each composition the specific surface de¬ 

creased with an Increase in the temperature of heat treatment. 

At the temperature levels of 250 and 300*C. the maximum speci¬ 

fic surface was found to lie in the composition range of 85 to 90 mole 
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per cent RIO. The shapes of these curves differ from the curves for the 

samples vhich received heat treatment at a higher temperature. 

5. For each composition, the most frequent pore radius in¬ 

creases la sise as the temperature of heat treatment Is raised. In the 

region of maximum mutual protection, most frequent pore radii of smaller 

sizes tend to he stabilized to the effect of heat treatment. 

6. The maximum specific surface measured by the adsorption 

method tends to fall in the same composition range as the region of maxi¬ 

mum mutual protective action. 
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