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INTRODUCTION 
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UmOKJCTIQK 

ft. General Theory 

The phenomena of adsorption of gases vas first clearly recognized 

in 1773 "by Scheele (48) in a letter describing experiments on gases ex¬ 

posed to charcoal. It is now well known that adsorption will occur at 

all solid-gas interfaces. Some adsorption will take place upon a freshly 

prepared surface even though the surface is prepared in a very high vacu¬ 

um. The discovery of the adsorption phenomenon led to numerous investi¬ 

gations in which most of the scientific masters of that day participated. 

Becent interest in adsorption studies involving gases or vapors upon solids 

has been very extensivej indeed, McBain (l) estimated in 1932 that scien¬ 

tific papers on the subject were appearing at the rate of one a day. 

The discovery of adsorption was soon followed by the observation 

that it is accompanied by the liberation of heat. Be Sassure (2) ob¬ 

served in l8l4 that all sorts of porous bodies, such as meerschaum, wood, 

asbestos and charcoal, tale up all sorts of gases with evolution of heat. 

In fact many features of our present knowledge of the subject are anti¬ 

cipated in the results of his systematic investigations (3). l’or early 

investigators there were no equations by which heats of adsorption could 

be calculated from experimental adsorption data. Calorimetric measure¬ 

ments of heats of adsorption have only recently become reliable with im¬ 

provement in technique and still can not be regarded as highly accurate 

(4). Wtih the application of the Clapeyron-Clausius equation along with 

the development of techniques for precise measurement of adsorption at 
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various temperatures, it 1)6081116 possible to calculate heats of adsorp- 

tion from adsorption isoteres. Search of the literature shovs that prior 

to about 1920 there vere few scientific articles concerned with adsorp¬ 

tion at elevated temperatures. 

Many theories have been advanced to explain the mechanism of ad¬ 

sorption and to furnish a method for calculating the amount of adsorption 

that will take place under a given set of conditions. The first important 

adsorption equation, known as the Freundlich equation, was an empirical 

exponential device, giving a parabolic curve. Until 19lh there existed 

no satisfactory theoretical treatment of adsorption of gases and vapors. 

In 1915 two entirely independent theories were proposed; one by Langmuir 

(6) and one by Polanyi (5). 

Polanyi's potential theory assumed that the adsorbent exerted a 

strong attractive force upon the gas in its vicinity, thus giving rise to 

adsorption. Since the potential theory does not attempt to foimulate an 

isotheimal equation one cannot determine with its help the surface area of 

•the adsorbent, or whether the adsorption is monomolecular or multimDlecular. 

However, it is the only theory of physical adsorption that can handle quan¬ 

titatively adsorption on a strongly heterogeneous surface and it furnishes 

information about the distribution of the heats of adsorption over the 

surface. 

Whereas Polanyi's theory applies only to van der Waal's adsorption 

the Targpniir theory applies within limits to both chemical and physical 

adsorption. Langmuir bases his considerations on the assumption that sorp¬ 

tion is a chemical process and that the sorbed layer is monomolecular. His 

original derivation (6) was of a kinetic type. He assumed that ordinarily 

the collision of a molecule of gas with the surface of an adsorbent was 
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Inelastic. The molecule stays in contact vith the surface for a certain 

length of time and returns to the gas phase. Langmuir "believed this time 

lag to be responsible for the phenomenon of adsorption. 

More recently Volmer (7) has shown that an isotherm, equation of the 

same form as Langmuir’s can be derived from thermodynamic considerations. 

Also, Fowler (8) has made a statistical derivation of Langouir's equation. 

The Langmuir equation may be written 

x/m S3 abP 
1 + a? 

where x/m is the grams of adsorbate adsorbed per gram of adsorbent, P 

is the pressure and a and b are constants which have a theoretical signi¬ 

ficance. Because of the fact that it has been the basis of several other 

equations the Langmuir equation is probably the most Important single equa¬ 

tion in the field of adsorption, although it has been definitely proven 

that sorption is often multimolecular. Langmuir, himself, has come to ac¬ 

cept the possibility of multimolecular adsorption in same cases. 

Of the many equations and theories developed to explain the phenomena 

of adsorption, most were of value; none are perfect. Perhaps the most 

useful theory today is the multimolecular adsorption theory developed by 

Brunauer, Emmett and Teller (9) in 1938. The fundamental assumption of 

this theory is that the same forces that are active in condensation are 

also producing the phenameroaof van deÇ Waal's adsorption. On this as¬ 

sumption, using a method that is a generalization of Langmuir ' s treatment 

of monomolecular adsorption, Brunauer, Emmett and Teller derived their iso¬ 

therm equation commonly known as the BET equation. It is generally applied 

to experimental data in its linear form: 

P „ 1 + P(C-l) . 

l(Vp) %p pocV 
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The symbole represent: 

P = pressure of the adsorbate at equilibrium. 

p = saturation pressure of the adsorbate, or the vapor pressure of 
—2 the material being adsorbed at the equilibrium. 

qm = quantity of vapor, in grams, which is adsorbed by one gram of 
— the sample when the surface is covered with a monomolecular lay¬ 

er of the adsorbate. 

£ * quantity of vapor, in grams, which is adsorbed by one gram of 
the adsorbent at equilibrium. 

C = constant at any given temperature for any given system of vapor 
and adsorbent. C will be further considered later. 

Although this equation gives a satisfactory explanation of S-shaped iso¬ 

therms without assuming that capillary condensation occurs, Foster (10) 

believes it should be regarded as complementary to, rather than as super¬ 

seding the capillary condensation theory, which assumes that all or part 

of the adsorbate is condensed in minute pores. However, Brunauer sums 

up the present status of capillary condensation theory by saying that it 

can not account for adsorption at low pressures, but that at high pres¬ 

sures it probably plays an important role for all adsorbents except those 

possessing exceedingly fine pores. 

The PFT equation furnishes a means of calculating both heats of ad¬ 

sorption and surface areas. To determine surface areas the term P/q(PQ-P) 

is plotted against P/PQ. The slope of the resultant straight line is 

equal to (C-l) /q^p and the intercept is equal to l/qmC. It is seen, then, 

that qm can be found and the surface area of the adsorbent calculated if 

the area covered by one molecule is known. 

The equation (11) 

may be used to determine the area of one molecule. The symbols represent: 
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M =* molecular weight of gas. 

UA = Avogadro ' s number. 

$1 = density of gas in liquid state. 

The constants 4 and 0.866 arise from the assumption that the adsorbed 

molecules have hexagonal close packing. 

The BET equation can also he applied to the calculation of heats of 

adsorption. From the theory of its derivation (9) we know that the con¬ 

stant C is equal to .al^ e ^ and that a1^2 does not differ much 
a^hi aghi 

from unity. If the isotherm is plotted as described above, it follows that 

H = Hi + 2.303KT log B + A , 
A 

where: 

= average heat of adsorption for a monomolecular layer. 

= heat of liquefactiôn of adsorbate. 

A « intercept 

B =* slope 

In a current article, Davis and DeWitt (ll) have demonstrated that 

the BET equation can be used to determine differential heats of adsorption. 

If -AH = (H-Hjq, 

ÜM » (Ha-Hi) ^L 
d Q <9Q 

where £ is the number of moles of adsorbate in the first layer at the 

relative pressure at which the integral heat of adsorption is desired, Q 

Is the total number of moles of adsorbate on the surface of the adsorbent, 

and Hg. and have the same significance as above. Hill (12) had previously 

shown that 
dq C * 

)1 -- 
Q/^ - 1 + 2/C ? 

dQ 2(C-1)/ [(1-Q/q^2 VCQ/qJ1/2 

J 
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From these equations It is discernable that the differential heat of ad¬ 

sorption qd, is equal to ) dq . 
dQ 

For years the differential heats of adsorption have been calculated 

by Clapeyron-Clausius type of equation 

iâ _ i, è (in P) 
E "  *  

Ordinarily this equation is used on a basis of constant weight of adsorbate 

on the surface. However, Wilkins (13) has demonstrated by statistical 

thermodynamic considerations that this equation can advantageously be ap¬ 

plied to isoteres based on a constant area of surface covered rather than 

constant weight adsorbed. According to Wilkins the use of isoteres based 

on constant weight adsorbed leads to values for the differential heats of 

adsorption that are too low compared with the calorimetrically deteimined 

integral heats of sorption. However, Brunauer (14) reasons that while 

Wilkin’s-arguments may be valid, it should not be forgotten that the in¬ 

tegral heat of adsorption is greater than the differential heat, if the 

latter is a continuously decreasing function of amount sorbed. Furthermore, 

the isoteric heats are not always lower than the calorimetric heats. Ex¬ 

amples of both types of applications will be given later in this thesis. 

Although the Clapeyron-Clausius equation is most universally used for cal¬ 

culation of heats of adsorption, Armbruster and Austin (16) have reached 

the conclusion that the BET equation is preferable. They point out that 

from the thermodynamical derivation of the Clapeyron-Clausius equation it 

is known that the isoteric heat of sorption calculated from it should equal 

the calorimetric heat of sorption only within an uncertainty of ET calo¬ 

ries per mole (15). 
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On the other hand, Davis and DeWitt (11) found the BET results for 

differential heats of adsorption to he considerably too small. As the BET 

theory assumes the forces of physical adsorption to he predominant it 

would not he expected to give satisfactory results in the systems of parts 

of systems vhere chemisorption is large. In determination of heats of ad¬ 

sorption hy calorimetric measurement and hy calculation, using the 

Clapeyron-Clausius equation, nothing is postulated that would restrict 

the validity of either method to physical adsorption alone. 

Chemisorption and physical or van der Waal's adsorption of the 

same gas can occur on the same sorbent at different temperatures, or even 

at the same temperature. Usually the quantities of heat evolved differ 

so videly that the two types of sorption can he easily distinguished. In 

some cases heats of chemisorption have been found to exceed the heat of 

reaction of the substances involved. For example, Blench and Garner (17) 
of 

found that at temperatures above 200*C. the heat/sorption of oxygen on 

norite charcoal is greater than the heat of formation of carbon dioxide. 

Keyes and Marshall (18) found that in the charcoal-oxygen system the 

initial differential heat of sorption of 72,000 cal. per mole drops rapidly 

•with increasing sorption and levels off around 4,000 cal. per mole, which 

corresponds to the heat of van der Waal’s adsorption. In fact, examples 

of constant heats of adsorption over the entire surface of sorbent, or 

even over a large part of the surface, are very rare. Usually the heat 

of sorption steadily decreases with increasing area covered. Glasstone 

says the reason for this is not clear. "It may be due to the fact that 

the first quantities of gas to be adsorbed vill attach themselves to the 

most active parts of the surface, or that more than one type of adsorp¬ 

tion is occurring on the surface" (4). 
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Brunauer (35) points out that variations in heats of sorption may be pro¬ 

duced by interaction between the sorbed molecules themselves. If the 

sorbed molecules have permanent dipoles, the surface forces may line up 

thoss dipoles parallel and oriented in the same direction; in this case 

there will be repulsion between the molecules, diminishing the heat of 

sorption. But if the molecules are non-polar, the dispersion forces be¬ 

tween them will lead to attraction, increasing ' the heat of adsorption. 

The adsorption of methyl alcohol on vitreous silica constitutes one of 

the rare exhibits of increase of heat of sorption with amount of sorption 

(19). Palmer (19) attributed this to the tendency of methyl alcohol to 

form associated molecules. 

A further consideration of the variation of heats of adsorption 

with surface covered will be taken up in the discussion of results. 

The variation of the heat of adsorption with temperature is of in¬ 

terest. Equations for the heat of adsorption derived from consideration cf 

the dispersion forces have the term r^ in the denominator, where r is the 

equilibrium distance between the molecule and the surface. Hence, the in¬ 

crease of r with increasing temperature would result in decrease of the 

heat of adsorption with increasing temperature. On the other hand, the 

length of the dipole or quadrupole moment of the adsorbed molecules may 

increase with increasing temperature, causing an increase in the heat of 

adsorption. Furthermore, in certain systems chemisorption will be promi¬ 

nent - at higher temperatures with resultant increase of heats of ad¬ 

sorption with increase of temperature. As a matter of fact, examples are 

found for all three cases; independence of the heat of sorption with temp¬ 

erature, decrease with increasing temperature, and constancy of heat of 
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adsorption with temperature change. Instances are known in which the dif¬ 

ferential heats of adsorption plotted against quantities of gas sorbed for 

two different temperatures cross each other. This means that the heat of 

sorption decreases with increasing temperature for a certain range of sur¬ 

face covering and increases for another range. Brunauer (20) draws the 

conclusion that the heat of adsorption is rather insensitive to temperature. 

He points out that the integral heats of adsorption obtained calorimetrical- 

ly for large quantities of gas sorbed show very little temperature depen¬ 

dence. In the calculation of the isoteric heats of sorption it should be 

remembered that the same amount of sorbate at two different temperatures 

may not be in strictly comparable conditions. The sorbate at the lower 

temperature might be in the form of a liquid while at a higher temperature 

it might be in the form of a compressed gas. 

Heats of adsorption of a gas on different adsorbents do not show 

very great differences. On the other hand, if chemisorption takes place 

on one sorbent and not on the other a marked difference in the heats of 

sorption would be expected. The principal generalization concerning the 

variation of the heat of adsorption of various gases on the sorbent is 

that, in general, the heats of sorption increase with increasing boiling 

points of the gases, provided that they are not affected by chemisorption. 

It is the purpose of this present investigation to study the 

variation of the heats of adsorption of water vapor at elevated tempera¬ 

tures on samples in the dual oxide system Fe^O^-Cr^O^, as a function of 

composition, temperature and amount of surface covered. This system was 

chosen for study since comprehensive x-ray diffraction measurements and 

extensive adsorption isotherms at 12*C. have recently been obtained on 

FegO^-Cfr^Os gels in this laboratory. 
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B. The Dual Oxide System: FegO-^-CrgO^ 

The brown gel of hydrous ferric oxide is commonly prepared hy the 

addition of hases to ferric salt solutions. The gel precipitated of room 

temperature is amorphous to x-rays, hut if allowed to stand in contact wi1h 

water for several weeks it gives an x-ray diffraction pattern correspond¬ 

ing to û^rFegO^ or hematite ; if allowed to stand several months the crys¬ 

tals will have grown until the sample gives a sharp hematite pattern (21). 

However, if the aging is carried out at 100*C., a one hour period is suf¬ 

ficient to yield a faint ^-FegOg pattern. 

Although some investigators have claimed that the Fe^O^ gel exists 

as a definite hydrate, dehydration isobars obtained under various condi¬ 

tions are all smooth curves showing no evidence of the presence of hy¬ 

drates (22). Weiser (23) suggested in 1925 that the brown gel of ferric 

oxide contains no hydrates but consists of extremely minute particles of 

FegO^ with adsorbed water. In 1940 Weiser and Milligan (23) used electron 

diffraction methods to support this supposition. 

Hydrous chromic oxides prepared by addition of a base to a chromic 

salt solution are also found to be amorphous to x-rays. Moreover, after 

being heated for days or weeks in water at the boiling point the gel re¬ 

mains amorphous. A crystalline type of diffraction pattern results after 

heating the gel in an autoclave for several hours at 180-250*0. (24). The 

pattern obtained is that of chromic oxide monohydrate. Weiser and Milligan 

were unable to obtain other than an amorphous electron diffraction pattern 

for the freshly prepared gel, although Baccaredda and Beati (25) have ob¬ 

served that a chromic oxide gel gives an electron diffraction pattern 

similar to that of More recently, Milligan and Merten (26) 
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obtained, by adding ammonium hydroxide to chromic nitrate solution, a 

hydrous chromic oxide gel giving an x-ray diffraction pattern not cor¬ 

responding to any known chromic oxide. They suggest that it may be a tri¬ 

hydrate. 

In the paper mentioned above Milligan and Merten noted the results 

of an extensive x-ray diffraction study of the mixed oxide system: FegOg- 

CrgOg. They found that heat-treatment of the system at various temperature 

levels resulted in the formation of crystalline products which consist of 

soldid solutions of I^Og and CrgOg. Their observed variation in inter- 

planar Bpacings agreed closely with the results obtained by Passerini (27) 

and Wretblad (28) for the same mixed oxides heated to higher temperatures. 

In the course of this work Milligan and Merten made studies on two 

Fe203-Cr203 systems, one prepared by precipitation with ammonium hydroxide 

and the other with sodium hydroxide. It was found that the series of gels 

precipitated by ammonium hydroxide crystallized at a much lower temperature 

than the series of gels precipitated by sodium hydroxide. They also ob¬ 

served the phenomenon, of mutual protection against crystallization in both 

series of gels. In the series of gels precipitated by sodium hydroxide 

the mutual protection was most evident for samples heated at 400*C. For 

the ammonium hydroxide precipitated gels mutual protection was clearly evi¬ 

dent in samples heated to 300*C. and 350*C. 

Milligan and Bushey (29) have found that, in contrast to the be¬ 

havior of the dual oxide system: ïïiO-CrçOg, the FegOg-CrgOg series of 

gels does not exhibit enhanced surface area at compositions intermediate 

between the two pure compounds. They suggest that possibly the uniform 

change in specific surface with the addition of a second component depends 

upon the system existing as a continuous series of solid solutions in the 
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amorphous state. This supposition appears to he in accordance vith x-ray 

diffraction observations of continuous solid solutuions in the crystalline 

oxides at elevated temperatures. 



Il 

EXPERIMEHTAL 
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II 

EXPERIMENTAL 

A» General Design of Apparatus 

The design of the apparatus followed closely that of the various 

precision multiple sorption-desorption instruments that have been employ¬ 

ed In The Elce Institute Chemistry laboratories for a number of years (32). 

Fig. 1 represents a schematic diagram while Fig. 2 and Fig. 3 are photo¬ 

graphs. The apparatus is capable of determining eight isotherms simul¬ 

taneously. 

The major operational elements may be considered in groups ac¬ 

cording to their functional purpose as follows: 

1. Measurement of r/m Values. McBaln-Bakr silica spring balances 

(33) with a sensitivity of approximately 0.33 mm./mg. are used to determine 

the weight of the samples. The silica springs are suspended in sample 

tubes which are about 0.5 inches inside diameter by means of short glass 

rods which are attached by hooks fused to ground spherical glass stoppers 

at the top of the tubes. The glassrods by which the silica springs are 

suspended are long enough to locate the springs well within a length of 

the sample tubes enclosed by water Jackets. Water from a constant-tem¬ 

perature manometer bath is circulated through the Jackets. This method 

of maintaining the springs at constant temperature avoids any chance of 

error due to temperature coefficient of the springs. 

Glass reference rods of such a length that the bottom is only 

slightly above the lower end of the silica springs at the time of minimum 
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elongation are used to facilitate determination of spring extension. A 

traveling microscope certified "by the manufacture to he accurate to ap¬ 

proximately 0.001 millimeters is used for determining spring extension. 

The spring extension can he reproduced to vithin 0.005 mm. With this 

accuracy of reading the change of weight of the sample can he determined 

vith a precision of approximately 0.02 mg. 

The samples ere held in platinum foil buckets suspended from the 

silica springs hy thin silica rods or threads. The overall length of 

the sample tubes is about 28 inches. Just below the eight-inch water 

Jackets, there are ground glass Joints into which are fitted fused silica 

tubes eighteen inches long. Silica tubes are used instead of glass be¬ 

cause of the high furnace temperatures employed at times. 

2. Temperature of Furnace. The furnace is designed to attain a 

temperature of 1000*C. but has not yet been tested above 800*C. Ceramic 

tubes eight inches long and slightly larger in diameter than the silica 

tubes are built into the furnace which is housed in a transite box held 

together by long stainless steel bolts. The eight sample tubes each ex¬ 

tend ointo the ceramic tubes a distance of approximately 8 inches. The 

top three inches are in silocel insulation while the bottom section ex¬ 

tends five inches into a small metal box constructed of stainless steel 

plates within the transite housing. 

Heating coils of insulated Ho. 20 B.& S. gauge ni chrome wire sur¬ 

round the 5 inch section of the cermaic tubes inside the stainless steel 

box. Each heating coil is supplied by an independent electrical system 

consisting of a 115-24 volt, 10 ampere transformer controlled by an 860 

watt Variac. All of the small Variacs are controlled by a 2000 watt Variac. 

There are four such systems each controlling a coil which is wound in equal 
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parts around two tubes. The coils themselves are made of two 6.5 feçt lengths 

ôf •' wires connected and wound in parallel, half the length being on each 

of the two tubes served. While it was, of course, impossible to get ex¬ 

actly the same length of wire on each tube it has been found that heat 

conduction inside the metal box is so good that at equilibrium no tempera¬ 

ture difference among the tubes can be detected. 

The temperature of the furnace is maintained constant by a Vheelco 

Potentiotrol instrument with setting from 0* to 1200* C. The Potentiotrol 

regulates the current in a supplementary circuit consisting of one 35 foot 

length of ni chrome wire with equal lengths coiled around each of the eight 

tubes. The temperature is recorded by an eight-point Brown "Electronik" 

strip recorder capable of registering temperatures from 0* to 1000* C. 

The thermocouples for recorder and controller are inserted between the 

silica tubes and ceramic tubes. Ordinarily, the temperatures of all tubes 

are the same and do not vary within the accuracy of the temperature re¬ 

corder. 

The silocel insulation of the furnace between the stainless steel 

box and the transite box is in no case less than three inches thick. This 

amount of insulation has proven thoroughly satisfactory at temperatures up 

to k00*C., which is the highest temperature the furnace has so far been 

maintained at for any length of time. However, if heat transfer from the 

furnace becomes large enough to be detrimental, the apparatus is equipped 

with a fan to circulate air around the furnace and thus prevent excess- 
ed 

ive heat reaching the water-Jacket/springs or ground glass-silica joints. 

The furnace is mounted on a mobile platform and can be raised or 

lowered at will. It is necessary to lower the furnace while loading the 

apparatus in order to be assured that the buckets hand freely in the middle 

of the tubes 
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3. Control of Pressure of Adsorbate. In order to traverse the sorption 

"branch of an Isotherm, a controllable supply of adsorbate vapor must be 

Introduced into the system. When vater Is the sorbate it has been found 

convenient to add vater vapor by thermal decomposition of BaCl2*2^0. For 

this purpose s small glass tube containing the dihydrate is attached to 

the system by means of a ball glass joint. This tube is surrounded by a 

small electric heater. 

If a gas obtained commercially in a pressure tank is to be used as 

sorbate, the BaClg'SHgO tube is removed and the gas added to the system 

via a gas buret vhich is connected to the former BaClg'SHgO inlet by means 

of pressure tubing. 

The vapor pressure of sorbate in the system is measured by means of 

a manometer immersed in a thermostated brass vater tank vith glass vin- 

dovs. Either an oil or mercury manometer may be used depending on the 

pressure range under consideration. The manometers are read by means of 

a precision cathetometer vhich is accurate to 0.005 cm. The temperature 

of the tank is maintained at 25* C. by means of a steady inflov of cold 

vater from a refrigerating unit and a 500 vatt knife edge heater vhich is 

controlled by a thyratron tube and a mercury-toluene regulator. 

4. Vacuum System. Although results in many adsorption studies are 

not influenced by the presence of air, the rate of attainment of equili¬ 

brium is greater in a good vacuum. In addition, the measurement of the 

vapor pressure of the sorbate is greatly complicated in the presence of 

air. Hence, the vacuum system of this apparatus is designed to maintain 

a vacuum of approximately 4 x 10^ mm. of mercury under actual operating 

conditions. The components of the system are: a tube of is used 

if vater is the sorbate), a liquid nitrogen trap, a vater-cooled, three 
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stage diffusion pump using octyl sebacate and Mega vac pump. The high vacu¬ 

um is measured hy an ionization gage. The fore vacuum is measured hy a 

Plranl gage. The relative locations of these components are shown in Pig. 

1. 
The ionization gauge uses a Western Electric D79150 tube and is a 

modification of the design of Ridenou' (34). 

B. Preparation of Samples 

The samples for this study consist of specimens of the following mol 

per cent compositions of the system PegO^-C^O^: 

Symbol Corn-position 

$ $ ^*2^3 

A 100 0 

B 86 14 

C 71 29 
D 57 ^3 
E ^3 57 
P 29 71 
G 14 86 

H 0 100 

These samples were prepared as follows. A solution 0.5 molar with 

respect to FegO^ was PrBPareà- by dissolving 404 gas. of C. P. FefEO^Jg'SHgO 

in sufficient distilled water to make one liter of solution. A solution 

O. 5 molar with respect to CrgO^ was prepared by dissolving 400 gas. of C. 

P. Cr (1102)3*9020 in sufficient distilled water to make one liter of solu¬ 

tion. Fifty three and three tenths ml. portions of the two nitrate solu¬ 

tions, mixed in such proportions as to give the percentage compositions 

listed above were precipitated with 17 ml. of 15 molar EH^OH solution in 

a device for quick mixing. The amount of EH^OH was sufficient excess to 

give a moderately strong odor after precipitation. 
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Making use of a centrifuge the gels vere washed 12 times with dis¬ 

tilled water and allowed to dry in evaporating dishes at room temperature* 

During the process of washing it was noted that slight traces of chrome- 

amines were formed in the two gels of highest CTgO^ content, thus indicat¬ 

ing some loss of CTg^ from them and perhaps from all of the samples. Ho 

analysis of the samples has been made but it is believed that loss of 

Cr203 was small. 

Before the adsorption studies were initiated the portion of samples 

to be used was heated for two hours at 300* C. in an electric oven. It 

has been found by Milligan and Merten (26) that with the exception of the 

pure Fe^O^ the gels of this system precipitated by ammonia remain amorphous 

to x-rays after heat treatment at 300*C. for two hours. 

C. Experimental Procedure 

The sample buckets are made of platinum foil 0.0005 inches thick. As 

this gives a bucket weighing more than desired, part of the platinum is 

dissolved by immersing the buckets in boiling aqua regia for 10 to 30 

minutes. A bucket weight under 80 mg. is desirable but it was found im¬ 

practical to reduce the weight below approximately 100 mg. 

After thorough cleansing with CCl^ to assure removal of all grease 

the buckets are weighed, filled with sample and reweighed. In these ex¬ 

periments a sample weight of approximately 100 mg. was found to be the op¬ 

timum size. The bucket with sample is placed in the apparatus immediately 

after weighing and the spring extension read. The success of this method 

is based on the assumption that the sample does not change weight between 

the time of weighing and reading of spring extension. For this reason, 

loading operations are never commenced until it has been found that the 

rest point of the bucket plus sample does not change appreciably in a period 
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of ten minutes or longer. 

At the time that each sample is weighed another portion of the same 

material is weighed for use lndeterminlng the volatile matter of the sam¬ 

ples (in the case of the system: FegO^-CTgO^ water accounts for all of 

the volatile matter). The water analysis samples are heated at 1000*C. 

until constant weight is obtained. 

After all eight samples are in the apparatus and the PgO^ and liquid 

nitrogen traps are prepared the valve between the manometer and JMegpvac 

pump is closed and the pump tinned on. Then the closed valve is cracked 

slightly and the air slowly removed from the sample tubes. The full vacu¬ 

um is not admitted to the sorbent section until the manometer indicates 

that no measurable vapor pressure remains. During preliminary runs on 

eight identical samples of silica gel it was found that this procedure, 

although sometimes requiring several hours, was necessary to prevent the 

samples from "bumping" out of the buckets as the pressure is lowered. 

During the first twelve hours of the evacuation period, the BaClg'SHgO 

is degassed by exposure to the vacuum system but immersed in a liquid 

nitrogen trap to prevent excessive removal of water. When the samples 

reach equilibrium at "zero" pressure the valve across the manometer is 

closed and a small amount of water vapor from the barium chloride tube ad¬ 

mitted to the system. When equilibrium is obtained the spring extension 

of each sample and the differential of the manometer are read. Then the 

water vapor pressure is increased and the cycle repeated. 

Usually between three and four hours are required for the attainment 

of the equilibrium after raising or lowering the sorbate pressure. Equi¬ 

librium is assumed to be reached when neither the vapor pressure above the 

samples or the spring extension changed appreciably in thirty minutes or 
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longer. The possibility that a slow chemisorption or solution process 

could "be taking place and equilibrium for it not attained should be taken 

into account. Furthermore, when evacuating at zero pressure after going 

up and coming down an isotherm, equilibrium was never obtained although 

in some cases readings were taken periodically for longer than 100 hours. 

Also, when the temperature was raised, complete equilibrium was not ob¬ 

tained because the time required comprised a period of several days or 

weeks. 

The silica springs were calibrated by measuring the extension for 

three different weights covering the range of weights normally encountered 

in the adsorption measurements. The spring extensions were found to be 

a linear function of attached weight. 

In adding sorbate to the system no effort was made to increase the 

pressure in small increments. As hysteresis, the ordinary type at least, 

was not being studied it was considered satisfactory to admit the sorbate 

in one installment and allow the pressure to slowly decrease as sorption 

occurred. In the case of desorption it was necessary to lower the vapor 

pressure of the sorbate very slowly to avoid bumping. 

Several points in the technique are of special interest. To pre¬ 

vent the sample buckets from sticking to the sides of the silica tubes it 

was found necessary to clean the tubes thoroughly with carbon tetrachloride. 

The CCI4 was poured into the tubes in several small portions and removed 

by suction furnished by an aspirator. After removal of the CCl^ liquid 

the aspirator was allowed to continue to draw air through the tube for 

at least thirty minutes. 

Another phenomenonof interest is the fact that either the silica 

tubes or buckets tended at times to become electrically charged. This 
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resulted in the "buckets adhering to the -wall of the tubes and making a 

correct spring extension reading impossible. It •was found that vhile 

loading the samples, the static charges could be dissipated by viping the 

outside of the tube vith a damp cloth. 
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III 

RESULTS MD CONCLUSIONS 

A. General Survey of Results 

Sorption-Desorption Isotherms. Figures 4-8 represent Isotherms ob¬ 

tained at 50*, 75*t 100*, 125*, and 150*C. respectively, for the dual ox¬ 

ide system, FegO^-CTgO^, using water as adsorbate. It will be noted that 

x/m, the amount of water adsorbed per gram of sample, is an almost linearly 

increasing function of the CrgO^ content of the gels at zero pressure. 

Sample C, 71$S’©2°3"29$Cr2°3> appears to have a slightly higher adsorptive 

capacity than would be expected judging by samples A and B. 

In the graphical representation of the isotherms, open circles 

signify sorption points and solid circles represent desorption values ob¬ 

tained as the pressure of adsorbate is lowered. Only on the 50*C. iso¬ 

therm is the desorption curve drawn in; although on all the isotherm plots, 

the desorption points are indicated. However, on the 125* and 150*C. iso- 
« 

therms the desorption points at zero pressure were not determined. 

Rates of Adsorption and Desorption. 'When an increment or decrement 

of adsorbate pressure was made it was found that equilibrium was completely 

or substantially obtained in approximately three hours. However, on talcing 

the last step of the desorption isotherm to arrive at "zero" pressure it 

was found that even after a period of more than 100 hours complete equi¬ 

librium was not obtained, as evidenced by Fig. 9* Likewise, when a 25*C. 

increase of the temperature occurs substantially obtaining equilibrium 

at "zero" pressure an additional extended time interval is required for 
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attainment of equilibrium, at the elevated temperature, as evidenced hy Fig. 

10. 
Fig. 9 represents the desorption rate for sample F, 29$6Fe203-71$Cr20g 

at 50*C. when the pressure is lowered from a relatively large value to the 

best vacuum obtainable. Fig. 10 represents the desorption rate of sample 

F after an increase of the temperature from 50* to 75*0. As the rate 

curves for all samples at every temperature are similar, only two are in¬ 

cluded in this thesis. However, a thorough study of the information ob¬ 

tainable from the rate curves is yet to be carried out. 

The time required to obtain equilibrium makes apparent the fact that 

some process other than van der Waal adsorption takes place in the system. 

Fig. 9 indicates that most of the easily removable water is desorbed with¬ 

in a few hours after reaching "zero" pressure. The remaining or residual 

removable water which can be desorbed only gradually must be chemisorbed or 

attached to the adsorbent by seme mechanism other than those involved in 

van der Waal adsorption. 

Hysteresis at Low Pressures. A further manifestation of chemisorp¬ 

tion may be found In the hysteresis which is present even at extremely 

low relative pressures in all of the samples except that of pure Fe^O^. 

This hysteresis was observed at all temperature levels at which isotherms 

were obtained. At higher temperature the amount decreases almost proportional¬ 

ly to the decrease in total adsorption over that at lower temperatures. 

This hysteresis can not be accounted for by lowering of vapor pressure of 

liquid condensed in pores as the relative pressure of the adsorbate is too 

low. 

One possible explanation of the hysteresis is that adsorption of gases 

other than water vapor may have prevented perfect attainment of equilibrium 



during the sorption part of the isotherm. But this explanation does not 

account for the extreme length of time required to obtain equilibrium at 

"zero" pressure, or for the regular decrease in extent of hysteresis as 

the amount of ferric oxide increases. Furthermore, after making an iso¬ 

therm run the original zero point vas never quite obtained, although it 

might have been reached had a much longer time been allowed for attain¬ 

ment of equilibrium. 

Dehydration Isobars. The absence of any hydrates that decompose be¬ 

low 200* C. is evidenced by the smooth curves of Fig. 11, which represent 

desorption isobars at "zero" pressure. Unfortunately, time did not per¬ 

mit carrying the desorption isobar beyond 200*C., but it has previously 

been demonstrated in these laboratories (36) that highly hydrous iron 

oxide does not hold its water in the form of hydrates. 

Surface Areas. Surface areas were calculated from the 50*C. iso¬ 

therm using the BET equation. The values plotted in Fig. 12 are based upon 

the total water content of the samples. Further calculation of BET sur¬ 

face areas was made considering only the water that is adsorbed in excess 

of that held at "zero" pressure. The values for both methods are sum¬ 

marized in table I. A plot of the values obtained by the latter method 

indicates a slight maximum in the surface area at a composition correspond¬ 

ing to approximately 20$Fe20g and 

For calculations based on total water content the data for all 

samples agreed excellently with the BET equation in the partial pressure 

range 0.5 to 0.20. However, for calculations considering only water 

adsorbed above "zero" pressure , the agreement was only fair. 

Applicability of the Langmuir Equation. It was of some interest to 

determine if the data fitted Langmuir ' s equation. A plot of p/ (x/m) vs. 
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P at 50*C. as shown In Fig. 14, indicates that whereas the dât» -at:'that:'*. ;* 

temperature approximates Langmuir's equation, the observed deviations are 

of sufficient magnitude to discourage further application of that equation. 

Deviation of the data from the Langmuir equation is not surprising in 

view of the fact that one of the fundamental assumptions in its derivation 

is that the heat of adsorption does not vary with the amount of gas ad¬ 

sorbed. It will be demonstrated in the next section that in the system 
there 

under consideration in this investigation/is a pronounced variation of the 

heat of adsorption with area of sample covered. 

B. Heats of Adsorption 

Calculation of Heats of Adsorption. An extensive study has been 

made of the heats of adsorption of water vapor in the system: FegO^-CrgO^. 

The differential heats of adsorption, q^, were calculated by means of the 

Clapeyron- Clausius equation for the entire series of eight samples at 

various amounts of surface covered and for the four temperature intervals 

covered in 25* C. steps by the fivè isotheims. Hereafter the heat of ad¬ 

sorption calculated from isoteres based on two isotheims obtained at tem¬ 

perature levels differing by 25*C. will be designated as the heat of ad¬ 

sorption at the mean temperature. For example, the values obtained from 

the 50* and 75*C. isotherms will be designated as the heat of adsorption 

at 62*C. 

The values of differential heats of adsorption obtained at various 

amounts of surface covered and at 62®, 87*, 112* and 137* C. are tabulated 

for each sample in tables II through IX. These heats of adsorption were 

calculated on an isoteric basis of constant area covered rather than con¬ 

stant weight adsorbed. However, it was found that the two values differ 

only slightly, as evidenced by table VII in which both sets of values are 
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tabulated for sample F, 2(^e<^2)-'ll
rfûCr^^. 

Perhaps the most frequently used method of obtaining heats of ad¬ 

sorption by means of the Clapeyron-Claus lus equation is to plog log P as 

a function of 1/T and measure the slope of a line drawn through the points. 

The slope is proportional to q^. This has been done for sample G and the 

plot of log P vs. l/T is illustrated in Fig. 13• No effort has been made 

to draw a smooth curve of varying slope through the points. Instead the 

best straight line was drawn. From the slope of this line the heats of 

adsorption representing the average over the temperature range 50* to 150* 

have been calculated at four different amounts of adsorption. These values 

for sample G are as follows: 

x/m Area Covered 

M
2
/G 

qd 

0.016 58.0 11.6 
0.012 43.5 9.2 
0.008 29.O 7.6 
0.006 21.7 6.8 

Variation of Differential Heat of Adsorption With Surface Covered. It 

was pointed out in the introduction that in most cases the differential 

heat of adsorption is a continually decreasing function of the amount of 

adsorption or surface covered, but that there are numerous examples in 

which the situation is more complicated. As is sometimes the case, curves 

exhibiting minima and maxima were obtained in some parts of this investi¬ 

gation. An example of such phenomena is given in Fig. 15 which was taken 

from Kruyt and Moddenaan (37) • Differential heats of adsorption as a 

function of amount adsorbed are illustrated for ether on charcoal. Curve 

I gives the results of Keyes and Marshall (38) at 0*C., curve II those of 

Iamb and Coolidge (39) at 0*C., and curve III those of Pearce and McKinley 

(40) at 25* C. All of the data was obtained calorimetrically. It will be 
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noted that two of the curves have a minimum and a maximum whereas the third 

hehaves erratically. 

Roberts (42) and Roberts and Orr (43) have shown theoretically that 

Interaction between the adsorbed molecules can lead to a complex variation 

of differential heats of adsorption with amount of adsorption even if the 

adsorption takes place on a plane, uniform surface. Their results were ob¬ 

tained by a consideration of the interaction of dispersion forces and of 

dipole moments and the mirror image dipole moments induced in molecules 

in the surface of the adsorbent, but the details of their work do not 

belong in this thesis. 

Orr (44) measured adsorption isotherms of argon on potassium chloride 

and cesium iodide experimentally and calculated the differential heats of 

adsorption for various amounts of adsorption by the Clapeyron-Clausius eq¬ 

uation. In both cases he obtained à curve for <34 that commenced rather 

high at very low amounts of adsorption, decreased to a minimum, increased 

to a maximum, and then gradually declined with continued increase in the 

amount of adsorption. 

Orr also calculated the isosteric heats of adsorption of oxygen and 

nitrogen on KC1 and Csl, obtaining curves of the same general form as the 

argon curves. 

There are other examples in the literature of complex shapes of 

curves showing the variation of the differential heats of adsorption with 

the amount of gas adsorbed. According to Brunauer (4l) a qualitative ex¬ 

planation can be made on the basis of two factors. "The first is the 

heterogeneity of the surface; atoms of the surface separated by different 

distances and arranged in different geometrical configurations have dif- 
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feront interaction energies with the same molecule; similarly, the heats 

of adsorption in crevices, pockets, tubes and cells of the adsorbenB are 

different from those on a plane surface. The second factor is the inter¬ 

action between the adsorbed molecules ; orientation forces lead to repulsion, 

dispersion forces to attraction. When the surface is covered with an ad¬ 

sorbed layer, the building up of the second layer causes a change In the 

heat of adsorption". 

Variation of Heats of Adsorption With Temperature. In this present 

study it was found that the heats of adsorption also display Irregular 

variation with temperature. While, as pointed out in the introduction 

theoretical equations derived for the heat of van der Waal adsorption of 

a molecule on a surface do not have an explicit temperature tem, several 

of the terms depend on temperature to some extent, and depending on the 

preponderance of one term over another, the heat of adsorption would tend 

to increase or decrease with temperature. 

Furthermore, In the calculation of the isosteric heats of adsorption 

it should be remembered that the same amount of adsorbate at two different 

temperatures may not be under strictly comparable conditions. It is pos¬ 

sible that the adsorbate at the lower temperature is in the form of a 

liquid, while at the higher temperature it is in the form of a compressed 

gas, or partly liquid, partly gas. la addition, even if there is no change 

in the state of aggregation, the same quantity of adsorbate may be ad¬ 

sorbed on two different parts of the surface at two different temperatures. 
at 

Brunauer (V7) suggests that/a higher température portions of the surface 

previously blocked become available for adsorption. "For example, certain 

impurities adsorbed on the surface may be removed by the adsorbate, or new 
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pores may open up "because of thermal expansion of the adsorbent”. Finally, 

it is possible that even more extensive changes, such as increased in 

crystal size, may take place in the adsorbent as the temperature is elevated. 

Some of these factors are a definite possibility in the samples under con¬ 

sideration. 

Kruyt and Moddermann (37) have calculated by the Clapeyron-Clausius 

equation for different amounts of adsorption from Titoff ' s* (I5) data for 

adsorption of nitrogen on charcoal. Their curves are reproduced in Fig. 

16. It is seen in this figure that at 233*K., 328*K., as well as at 389*K. 

the heats of adsorption have an initial rise to a high value. Kruyt and 

Modderman point out, however, that the form of these curves for very small 

amounts of adsorption is not known and that it is possible that q^ is much 

higher at zero adsorption but falls steeply to a minima and rises again be¬ 

fore the measurable range is reached. 

It will be seen from tables II through VII and from figures 17 and 

18 that the differential heats of adsorption for water vapor on all speci¬ 

mens of the FegO^-CrgO^ system studied varies considerably with both tem¬ 

perature and surface covered (as calculated here, surface covered is pro¬ 

portional to amount adsorbed above that held at "zero" pressure). In 

no instances are the values continually decreasing functions of amount 

adsorbed. 

Survey of Curves for q^ vs. Surface Covered. Over the entire range 

of composition the 62* C. heats of adsorption, which are calculated from 

the 50* and 75*C. isotherms, have a rather regular form. Starting at a 

minirmrm value q^ gradually Increases, rising to a flat maxima, and finally 

a slow decline occurs in regions near the maximum surface coverage for 

«Titoff’s isotherms were obtained at -79*, 0*, 30*, 80*, and 151.5*C. 
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which, the calculations can "be made. 

All of the values for the calculated diffejirential heats of adsorption 

are tabulated in the tables, but curves are included only for the values ob¬ 

tained for samples C and G. Pig. 17 and fig. 18, respectively, show q^ at 

each temperature as a function of the surface that the amount of àdsorbate 

above that held at "zero" pressure would cover if it is spread in a mono- 

molecular layer. Surface covered in the abscissa and is proportional to the 

amount adsorbed. 

The 87*0, differential heats of adsorption present a different picture. 

With the exception of that for sample E, the curves representing q^ have a 

form similar to those obtained by Orr (44) for argon on KC1 and Csl in which 

the curve, beginning with a descending portion, passed through a minimum, 

increased to a maximum and declined again. Furthermore, a large number of 

the heats of adsorption at 87*0. and at higher temperatures are less than 

the heat of vaporization of water. This is not particularly surprising as 

there definitely are ways in which the adsorbed water can be hejd so that 

interaction between water molecules, which is the principal source of the 

heat of vaporization, does not occur. 

Brunauer points out (46) that if the adsorbed gas is in different 

states of aggregation at the different temperature levels, the use of the 

Clapeyron-Clausius equation may not be justified. As the 87*0. heats are 

calculated from isotherms at 75* and 100* C. it may be that at the higher 

temperature the adsorbed water is in more of a gaseous state than at the 

lower temperature. However, the derivation of the Clapeyron-Clausius 

equation puts no specific restriction on the type of binding by which the 

adsorbate is fixed to the adsorbent. 
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Over the entire composition range the differential heât~of adsorp¬ 

tion at 112*C. started at a low value for low area covered and increased 

rapidly to a rather sharp maximum and declined rapidly. In the case of 

Sample A, pure F02O3, the maximum value was 18 Kcal. per mole which is the 

largest value of encountered in this series of experiments. 

In the case of the heats of adsorption at 137* C there was a corre¬ 

lation "between composition and the shape of the curve obtained for q^ vs. 

surface covered. Samples A, B, and C, the specimens of high Fe2C>3 content, 

yielded curves with minima and maxima similar to those obtained for all 

samples except E at 87*0. Samples D, E, and FTyielded curves with a single 

maximum similar to those obtained at 112*C., while G and H returned to the 

minima-maxima pattern. This would indicate that in the intermediate com¬ 

position range there is an interaction of the two constituents resulting 

in a more heterogeneous surface than that possessed by the samples of 

either high F62Û3 content or high Cr203 content. 

In fig. 19 the maximum value of the differential heat of adsorption 

for a given composition and temperature is plotted against the composition 

for each of the four temperature levels at which calculations were made. 

It will be noted that, while for the heats of adsorption at 62* and 87*0. 

there is no decisive variation of the maximum value of the heats with com¬ 

position, there is a definite maximum in the 112* and 137*0. curves at 

compositions corresponding to approximately 55$ Fe203~45$ Cr2C>3 and 47$ 

F
®203_53$ 0^03 respectively. 

These ngnrîma in the curves of maximum q^ vs. composition possibly in¬ 

dicate that at the temperature and in the composition range at which the 

maYlma occur there is an interaction between the réspective oxides result¬ 

ing in the formation of segaents of surface that in one way or another are 
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more receptive to water vapor than any part of the surface produced out¬ 

side of this range of composition. 

Alternate methods for calculating the heats of adsorption. If the dif¬ 

ferential heats of adsorption, calculated for sample G using the slope 

of the log P vs. l/T curves (fig.13), are plotted on fig. 18 they fall on 

a smooth curve which approximately represents the average of the other four 

curves. 

It may appear superficially that the points of fig. 13 fall almost 

in a straight line, thus indicating little change of the differential heat 

of adsorption with temperature. However, if adjacent points on each iso- 

tere are Joined hy a straight line the slopes of the resulting straight 

line sections would differ hy an amount proportional to the difference 

hetweèn the curves representing the heat of adsorptiôn at the different 

temperatures. The calculation of heats of adsorption hy determining 

isoteric slopes-tends to average out experimental errors. However, the 

method of substituting the values from two isotherms directly into the 

Clapeyron-Clausius equation was chosen for this investigation as it pos¬ 

sesses the advantages that a wider range of surface coverage can he con¬ 

sidered and also the variation of the heats of adsorption with temperature 

can he more easily determined. 

Using the BBT equation, the average heat of adsorption over a mono- 

molecular layer was calculated for each sample from the 50* C. isotherm. 

These values are included in fig. 19* It will he seen that there is prac¬ 

tically no variation of these heats of adsorption with composition. This 

means that at 50* C. the average heat of adsorption of a monomolecular 

layer of water vapor is practically the same on pure Pe^O^, pure CrgO^ and 

on the samples of intermediate compositions. Some variation of the 
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average heat of adsorption over a monomolecular layer might "be expected 

at higher temperatures judgixg "by the variation in the maximum values of 

q.^ with composition at higher temperatures hut it is not feasible to 

apply the BET equation to this system at temperatures much above 50*C. 
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SUMMAKÏ 
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SUMMAKT 

1. An apparatus has teen constructed which is capable of determin¬ 

ing, simultaneously on eight different samples, the adsorption of vapors 

or gases on solids at temperatures up to 1000*C. 

2. Adsorption-desorption isotherms of water vapor on samples 

covering the entire composition range of the dual oxide system Fe203- 

Cr203 have "been obtained at five temperature levels in the range 50*C. 

to 150*C. 

3. Surface areas were calculated from the 50* C. isotherm, by means 

of the BED equation. 

4. Differential heats of adsorption were calculated by the Clapeyron- 

Clausius equation for various amounts of surface covered at four tempera¬ 

ture levels. Heats of adsorption were also calculated for the 50*C. iso¬ 

therm by means of the BET equation. 

5. It was found that the differential heats of adsorption calcu¬ 

lated by the Clapeyron-Clausius equation and plotted as a function of sur¬ 

face covered gives curves which exhibit maxima and minima similar to those 

found from calorimetric data and reported in the literature by Kruyt and 

Modderman and other investigators. At the higher temperatures for which 

measurements were made it was found that there is a systematic variation 

of the heats of adsorption with composition. 
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Fig. 3 
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Fig. 4. Adsorption . Isotherms at 50*C • 

Symbol Mole io Symbol Mole 
Fe2°3 Cr2°3 Fe203 Cr20 

A 100 0 E 43 57 
B 86 14 F 29 71 
C 71 29 G 14 86 
D 57 43 H 0 100 



Symbol Mole 

A 
B 
C 
B 

Fe2°3 Cr2°3 
Symbol Mole 4, 

Fe2°3 Cr203 

100 
86 
71 
57 

0 
14 
29 
43 

E 
F 
G 
H 

43 
29 
14 
o 

57 
71 
86 

100 



Symbol Mole $> 
IPegO^ cr2o 

A 100 0 
B 86 Ik 
C 71 29 
B 57 k3 

Symbol Mole 
Pe2°3 Cr20 

E ^3 57 
F 29 71 
G Ik 86 
H 0 100 



Fig. 7. Adsorption Isotherms at 125*C. 

ymbol Mole $ Symbol Mole jô 
Fe2°3 Cr203 Fe2°3 Cr20. 

A 100 0 E 43 57 
B 86 lA- F 29 71 
C 71 29 G 1k 86 
D 57 ^3 E 0 100 



Fig. 8. Adsorption Isotherms at 150*C. 

Symbol Mole A  Symbol Mole 
FegOg CrgOg FegO^ Cr

2°: 

A 100 0 E 43 57 
B 86 14 F 29 71 
C 71 29 G 14 86 
D 57 43 H 0 100 
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Fig. 10. Desorption Date Curve Following 25*C. Temperature Increase. 
Sample F, 29$ Fe203»71^ Cr20 . 
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pig. n. Desorption Isofcars at Zero Pressure. Prom Bottom to Top Curves 

Represent Samples A, B, C, D, E, F, G, and H respectively. 



MOLE % Cr203 

Fig. 12. Surface Area aa a Function of Composition 



Fig» 13. Constant Adsorption Isoteres for Sample G, 14$ F®2°3-^^ 
From Top to Bottom the Curves Represent x/n Values of 0.0160, 0.0120, 
0.0080, and O.OOôO Respectively. 



Fig. l^. Langnuir Curves. From Left to Eight the Curves Bepresent 
Semples A, B, C, D, E, F, G, and H respectively. 
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. Fia. 89.—The differential heats of adsorption of ether on charcoal. 

Fig. 15. Calorimetric Tata for Different Samples of 
Charcoal. (After Kruyt and Modderman) 



N» ON COCOANUT CHARCOAL AT FOUR TEMPERATURES (CALCULATED FROM 

TITOFF’S ISOTHERMS) 

JFIg. 16. Differential Heats of Adsorption Calculated Using , 
Clapeyron-Clauslus Equation. (After Kruyt and Modderman) 
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Fig. 17. Differential Heats of Adsorption as a Function of Surface 
Covered for Sample C, 71# FegO^-ë^ CrgO^. 
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Fig. 19. Differential Heats of Adsorption and BET Heats of Adsorption 
as a Function of Composition. 



TABLE I 

BET SURFACE AREAS 

CALCULATED FROM 50*C. ISOTHERM 

Composition Surface Area Based Surface Area Based on x/m 
Mole ia On Total x/m Above That at "Zero "Eres sure 

Symbol F®2°3 Cr2°3 M
2
/G M

2
/G 

A 100 0 103 48 

B 86 14 242 131 

C 71 29 368 156 

D 57 43 406 194 

E ^3 57 474 206 

F 29 71 531 219 

G 14 86 607 225 

H 0 100 676 215 



TABLE II 

DIFFERENTIAL HEATS OF ADSORPTION OF SAMPLE A 

100$ FCgO^ 

Surface Covered 

M^G K cal^Mole 
Surface Covered 

M
2
/G E cal/Mole 

Temperature 62*C. 

16.0 11.1 30.5 15.8 
18.8 14.4 31.9 14.3 
27.0 16.5 34*1 13.7 

Temperature 87*C. 

9.3 7.1 21.1 6.1 
12.2 4.8 22.9 6.3 
15.8 5.8 24.7 5.9 
18.3 8.4 26.2 6.2 
19.7 8.5 

Temperature 112*C. 

6.2 5.9 17.4 14.6 
9.4 6.2 18.1 10.4 

13.8 12.0 19.5 11.1 
16.3 17.9 21.0 9.0 

21.7 8.1 

Temperature 137*C. 

2.5 3.2 13.1 0.6 
4.1 3.3 14.0 0.6 
7.6 4.9 14.9 1.5 
9.3 4.0 16.3 3.7 

10.0 3.3 17.5 4.2 
11.8 0.8 18.0 3.8 



TABLE HI 

DIFFERENTIAL HEATS OF ADSORPTION OF SAMPLE B 

e&f, Fe203-ll$ Cr203 

Surface Covered 

M
2
/G K cal/Mole 

Surface Covered 

M
2
/G K cal^lole 

Temperature 62*C. 

16.7 *.9 61.5 15.1 
25.2 7.2 72.1 14.9 
34.1 9-4 80.3 14.2 
45.8 13.3 

Temperature 87* C. 

9.7 6.8 42.6 10.0 
16.7 8.1 45*5 6.3 
23.5 6.1 49-7 5.2 
31.5 2.6 5^.1 7.5 
38 7.8 59.5 7.6 

Temperature 112*C. 

9.8 2.5 35.1 12.5 
15.2 2.2 39.1 10.6 
24.6 6.6 41.6 8.6 
31.8 11.5 46.3 8.2 

Temperature 137* C. 

8.8 4.1 31.6 8.7 
13.6 2.4 33.1 5.8 
19.9 3.2 35.7 4.6 
25.O 3-5 38.6 5.8 
27.9 7.6 



TABLE IV 

DIFFERENTIAL HEATS OF ABSORPTION OF SAMPLE C 

V$ Fe203-2935 Cr203 

Surface Covered 

M^ K cal/Mole 

Surface Covered 

M
2
G K cal/kole 

Temperature 62* C. 

23.1 6.5 87.7 13.7 
30.2 7.8 94.5 13.8 
42.6 9.8 101 14.1 
57.5 12.4 106 14.0 
80.4 13.6 

Temperature 87* C. 

15 11 54.4 9.6 
20.4 8.6 59.8 9.5 
27.6 6.9 64.5 9.4 
36.5 8.4 72.3 9.5 
42.7 9.8 

Temperature 112* C. 

8.7 2.5 43.7 10.3 
17.4 5.6 46.8 10.6 

27.9 8.9 52.7 10.5 

35.1 9.0 59.6 9.9 
39.8 9.3 

Temperature 137* C. 

5.0 9.3 31.4 12.8 

7.5 6.9 34.5 12.5 
13.1 6.7 37.0 12.4 
19.6 6.4 40.4 11.6 
27.4 11.5 

t \ 



TABLE Y 

DIFFERENTIAL HEATS OF ADSORPTION OF SAMPLE D 

57# Fe203-43# Cr^ 

Surface Covered 

l^G 

<1 
d 

E cal /Mole 

Surface Covered q. 
.2E caly/kole 
M /G 

Temperature 62*C. 

24.8 7.1 90.5 13.2 

35.5 8.6 106 13.3 
51 x 8 11.4 119 13.2 
70.0 13.5 129 13.0 

Temperature 87*C. 

17.5 11.6 63.3 9.3 
27.2 9.0 70.5 10.5 
31.5 8.9 80.2 10.3 
42.3 7-6 87.5 9.8 
54.8 7.1 

Temperature 112*C. 
• 

17.7 3.1 54.0 13.4 
2 8.6 8.8 57.8 11.8 

41.3 13.1 62.0 9.6 
49.3 14.9 66.5 7.9 

Temperature 137*C. 

9.6 6.6 33.8 14.3 
16.2 8.0 39.0 12.1 
22.4 8.7 42.3 10.1 

30.5 13.6 48.5 9.6 



TABLE YI 

DIFFERENTIAL HEATS OF ADSORPTION OF SAMPLE E 

43# Fe203-V$ Cr203 

Surface Covered 

M
2

G 

ga 
K cal/Mole 

Surface Covered 

trVo 
ga 

K cal/Mole 

Temperature 62*C. 

40.1 10.3 124 14.2 
54-3 10.4 138 14.2 
T9* 5 12.9 148 13.4 
106 14.2 

Temperature 87* C. 

21.5 7.1 77.7 9.8 
33.3 7.6 84.1 10.2 
44.4 7.6 89.1 10.2 
59.1 8.1 98.0 10.2 
69.4 10.2 

Temperature 112*C. 

11.6 5.6 52.1 25.3 
20.6 10.0 57.2 27.8 
32.6 15.8 61.9 30.0 
44.2 21.5 65.1 31.6 

Temperature 137*C. 

10.7 9.8 36.4 13.1 
17.6 9.5 41.5 12.4 
26.5 13.3 45.5 11.2 
33-8 15.1 52.5 10.5 



TABLE VII 

BJFJjŒKENTIAL HEATS OF ABSORPTION OF SAMPLE F 

29$ *>203-71$ Cr2°3 

Surface q. Surface q. 
Covered K carriole Covered K cal/kole 

M2G 
Constant Constant 

M2G 
Constant Constant 

Area Weight Area Weight 

Temperature 62*C. 

64.4 11.9 12.0 145 14.6 14.9 
88.5 13.2 13.3 152 14.5 14.8 
117 14.2 14.3 159 14.3 14.4 
136 14,4 14.7 

Temperature 87* C* 

28.2 10.3 10.6 78.5 9.7 10.4 
38.3 7.5 7.7 86.5 10.2 10.5 
49.4 5.5 6.2 97.8 9.6 9.7 
66.0 7.5 7.6 109 9.2 9.6 

Temperature 112*C. 

11.2 2.5 2.5 61.2 13.8 14.1 
22.1 5.3 5.7 64.1 14.1 14.3 
36.6 10.1 10.6 68.4 13.9 14.2 
52.1 13.8 14.5 72.0 13.2 13.4 

57.5 13.6 14.0 75A 12.3 12.5 

Temperature 137*C. 

9.6 2.4 47.4 11.1 --- 

16.5 2.4 — 52.2 9.9 — 

24.7 4.6 — 58.2 9.2 
33.8 6.1 --- 62.5 8.4 
40.4 10.4       — -    



TABLE VIII 

DIFFERENTIAL HEATS OF ABSORPTION OF SAMPLE G 

14# Fe203-86# Cr203 

Surface Covered 

M^G 

aa 
K cal/Mole 

Surface Covered 

M*VG 
^d 

K cal/kol* 

Temperature 62*C. 

31.2 8.8 134 15.5 
48.4 12.4 144 15.6 
69.4 13.6 152 15.4 
94.0 14.4 159 15.2 
123 15.2 

Temperature 87*C. 

18.3 8.4 77.7 9.2 
23.6 7.1 86.8 9.6 
34.4 6.5 94.2 10.3 
48.4 6.9 100 10.2 
65.5 8.9 

Temperature 112*C. 

10.1 5.1 56.1 11.4 
14.5 5.6 '67.O 13.1 
23.2 7.0 76.0 • 12.9 
35.5 9.3 79.4 12.6 

Temperature 137*C. 

8 6.8 40.8 7.1 
11.0 5.9 48.5 9.1 
16.5 1.9 54.0 9.3 
24.6 3.9 60.6 8.8 
34.2 5.9 



TABLE EC 

HEATS OF ABSORPTION OF SAMPLE H 

100$ Cr203 

Surface Covered 

M
2
G 

qd 

K cal/^lole 

Surface Covered 

/G 

*d 

K cal/Mole 

Temperature 62“ 
41.2 8.8 118 14.3 
51.2 8.7 137 14.3 
68.2 10.0 153 13.6 
88.0 11.4 166 13.1 

Temperature 87*C. 

23.3 13.4 84.1 9.8 
30.2 11.9 91.4 9.3 
45.8 10.7 97.8 9.6 
59.8 9.7 106 8.2 
73.0 8.6 115 8.0 

Temperature 112*C. 

22.8 1.3 75.6 11.5 
37.3 7.6 82.5 10.9 
53.6 10.3 88.3 9.7 
63.4 10.6 

Temperature 137*C. 

18.0 14.0 54.8 7.9 
21.7 9.3 62.1 8.4 
30.3 8.0 68.8 7.3 
38.2 7.1 73.2 6.6 
44.5 7.4 
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