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HISTORICAL 



A. Introduction 

The adsorption of gases and vapors on the surfaces of solids 

has been the subject of many researches since 1773 when Goheele 

(28) first reported the adsorptive properties of charcoal. Other 

workers extended the observation of the phenomenon to a large 

number of solid-vapor systems until it was soon recognized that 

porous solids in general might be expected to adsorb gases and 

vapors of all types. Many theories have been proposed to explain 

this adsorption, but we shall dwell briefly on only the first of 

these, the theory of capillary condensation. 

In 1870 Lord Kelvin (15) showed by consideration of the curva¬ 

ture of liquid surfaces that the vapor pressure of a liquid in a 

capillary should be less than the normal vapor pressure of the 

liquid. The Kelvin equation relates the pressure to the size of 

the capillary. Thus the vapor pressure, P, of a liquid in a 

cylindrical capillary of radius r is: 

„ „ -2<TV/r R T 
P = P0e 

where P0 = normal vapor pressure of liquid 

Cr — surface tension of the liquid 

V =r molal volume of the liquid 

R gas constant 

T = absolute temperature 



2 

For values of r ranging from molecular diameters to visible magni¬ 

tudes P is less than PQ and the vapors of a liquid will then 

condense and be held in the capillary. 

The Kelvin equation is the basis of the theories of adsorption 

depending on capillary condensation, the numerous theorists speci¬ 

fying various conditions and limits within which the equation is 

assumed to hold. 

Shereshefsky (30) tested the Kelvin equation experimentally 

by measuring rates of evaporation of liquids in capillaries of 

diameter as small as 2.2 u. His results indicated lower vapor 

pressures than were to be expected from the Kelvin equation, and 

this he explained by concluding that the molal volume and surface 

tension of liquids differ for the liquid in capillaries and liquid 

in bulk. However, the more recent experiments of Cohan and Meyer 

(y) and of Bulkley (7) show that no measurable increase in surface 

tension or density of liquids oocurs in capillaries of the size 

used by Shereshefsky, and thus the results of the latter are ruled 

out as an argument against applying the Kelvin equation to 

adsorption even in extremely fine pore systems. 

In 1896, while studying the adsorption of water vapor on 

silica gel, J. M. van Bemmelen (4,5) observed that the desorption 

of water from silica gel did not follow exactly the path of the 

sorption but exhibited a lag in the change of water content 

behind the change in pressure. The phenomenon was reminiscent 

of an analogous effect occurring in the magnetization and 

demagnetization of iron, and was therefore given the same name, 
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"hysteresis" from the Greek "to lag behind." This hysteresis in 

the isothermal sorption-desorption curves for solid-vapor systems 

is the subjeot of the present dissertation. The experimental 

account will be concerned in particular with an investigation of 

hysteresis in some of the hydrous oxides, but we will first con¬ 

sider the existent theories which attempt to explain the phenomenon 

in question. 

B. Theories of Hysteresis 

In general, the theories which have been proposed to explain 

sorption-desorption hysteresis are alike in assuming the existence 

of some kind of capillary structure in gels in which the adsorbed 

material may be condensed to the liquid state. Leonard H. Cohan 

(10) has analyzed these theories of hysteresis in solid sorbents 

and classifys them in three general types: 

(1) The incomplete wetting theory 

(2) The ink-bottle theory 

(3) The open pore theory. 

To these may be added a fourth, the more recent theory of Barkas, 

which does not depend on capillary condensation but accounts for 

sorption-desorption hysteresis in terms of the elastic properties 

of gels. Let us examine these theories in turn. 

(1) The Incomplete Wetting Theory 

Van Bemmelen, the first observer of sorption hysteresis, ex¬ 

plained the phenomenon (4, 5) on the assumption that a liquid in 
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a capillary tube has a greater vapor pressure when being filled 

than when being emptied. This was attributed to incomplete 

wetting of the capillary walls which caused the curvature of the 

liquid meniscus to be less during the filling process than during 

the emptying. 

Zsigmondy (37) and his co-workers Bachmann and Stevenson (38) 

attributed the incomplete wetting during sorption to a film of 

permanent gas such as air or other impurity on the surface of the 

capillaries. Later the experiments of Anderson (1) illustrated 

that removal of impurities did decrease the extent of hysteresis, 

and Patrick and co-workers (24,25) showed that the presence of 

small amounts of air may greatly retard or prevent the attainment 

of equilibrium. On the other hand, if the presence of these im¬ 

purities were the explanation, one would expect to get hysteresis 

over the entire isotherm in all cases where the impurities were 

present and complete elimination of the hysteresis on their re¬ 

moval. However, it has been demonstrated by Lambert (17,18,19,20), 

Foster (12,13), Clark (17,18), Higuti (14), and Rao (27) that com¬ 

pletely reproducible hysteresis in many systems occurs over only 

a part of the isotherm in the complete absence of air. Thus Rao 

reproduced thirty-two times with good precision the hysteresis 

loop in the isotherm for the system TiOg * HgO. He also reproduced 

the hysteresis loop of silica gel nineteen times with water as 

sorbate, and eight times with carbon tetrachloride. The hyster¬ 

esis loop in the system ferric oxide-carbon tetrachloride was 

also repeated three times. Working on silica gel, Foster (11) 
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showed that drastic flushing of the sample and evacuation at 

350° C. had no effect on the reproducibility of the hysteresis 

loop. 

These are but a few examples of the many Instances In which 

sorption-desorption hysteresis has been shown to be a permanent 

and reproduoible phenomenon even after elaborate provisions to 

ensure absence of air and other Impurities. The incomplete wet¬ 

ting theory must therefore be rejected as a general theory of 

sorption-desorption hysteresis. 

(2) The Ink-Bottle Theory 

This theory due to Kraemer (16) and McBain (21) suggests that 

the hysteresis phenomenon results from the presence in adsorbents 

of pores with constricted necks such that large cavities are 

accessible to the vapor phase only through smaller channels or 

orifices. During adsorption, condensation begins to take place 

in the body of the pore at a pressure 

P* = Pr 
-2 <rv/ r. R 
e b 

where r^ is the radius of the body of the pore; condensation con¬ 

tinues until the pore is completely filled. During desorption, 

however, no evaporation will occur from this particular pore 

until the vapor pressure, P^, has fallen to the value correspond¬ 

ing to the radius of the constricted neck, rn. 

Pd = P° e 
-2 <rV/rn R T 
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Since rn is less than rb we see that Pd is less than Pa and 

hysteresis occurs in the isothermal sorption-desorption curves. 

Rao (27) has been a strong advocate of this theory since it 

has enabled him to furnish a qualitative explanation of some of 

his observations with numerous gels and sorbates. The theory 

offers a very acceptable explanation of the curves obtained in 

scanning the hysteresis loop. According to the theory, at any 
r 

point along the maip desorption curve there are always some 

cavities completely filled, some partially filled, and some yet 

unfilled by the liquid sorbate. If at this stage desorption is 

tried, the partially filled cavities are progressively emptied 

in the same way as an ordinary T-shaped pore. The cavities 

which are completely filled, however, entrap the sorbate and re¬ 

tain it until a minimum pressure 13 reached at which sorbate 

condensed in the neclcs of these cavities will Just be in equilib¬ 

rium with the vapor. At this point we will find ourselves 

precisely on the main desorption curve, and as the pressure is 

further lowered some ink-bottle cavities are completely emptied 

and the main desorption curve is followed. At any point on this 

main desorption curve there are some cavities completely filled 

and some completely empty, there being no possibility of a cavity 

being only partially emptied. The main desorption curve thus 

provides a statistical analysis of the total volume of cavities 

having constricted neclcs of any given size rn. 

If the hysteresis loop is scanned from the main desorption 

curve, the main sorption curve is not intersected immediately, 
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but a separate curve is traced closely paralleling the main sorp¬ 

tion curve until the peak of the hysteresis loop is reached at 

which point they coincide. 

Rao (27) concludes that sorption consists of an initial cover¬ 

ing of the adsorbent with a nonomolecular layer of the sorbate 

followed by capillary condensation in ordinary V-shaped pores 

and in cavities with constricted openings, the latter alone being 

responsible for all the hysteresis phenomena. 

It should follow then that any porous sorbent possessing ink- 

bottle pores should exhibit hysteresis with all sorbates, and that 

the shape and size of the hysteresis loop should be approximately 

the same in each case. The large amount of evidence to the con¬ 

trary represents a damaging objection to the ink-bottle theory. 

Lambert and Foster (19) observed hysteresis in the system silica 

gel-water but found no hysteresis when benzene or alcohol was the 

sorbate. These observations were confirmed by Pidgeon (26). Rao 

(27) found hysteresis in the system silica gel-carbon tetrachloride 

and has also shown varying hysteresis in some organogels with water 

as sorbate and permanent hysteresis with carbon tetrachloride. 

Thus the ink-bottle theory as stated does not appear to be com¬ 

pletely satisfactory as a general theory of hysteresis. 

The proponents of this theory have, however, failed to con¬ 

sider a factor which may clarify the apparently anomalous be¬ 

havior of various sorbates toward a given adsorbent. It will be 

recalled that the vertical component of foroe on a fluid column 

in a capillary is given by: 
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Z 
2Tr<rr Cos© =s g dirr h 

where r — capillary radius 

CT — surface tension 

d — density 

0 = wetting angle 

h — height of column. 

o 
Then by dividing through by 7rr we obtain the foroe per unit area 

on the fluid column as î 

2 <rCos 0/r — g d h . 

Now in an ink-bottle capillary which is completely filled, the 

total weight of the liquid is supported by the walls and base of 

the pore so that the force 

F ~ 2 <rCos e/r 

actually represents the tension on the liquid in the capillary. 

Thus for a liquid of surfaoe tension 72 dynes/cm. in a capillary 

of 15 A radius and wetting angle of 85°, the tension is 100 

atmospheres. This tension is transmitted to the liquid-solid 

interface and acts against the solid-liquid adhesion tension and 

against the cohesion tension of the liquid. If this capillary 

tension were great enough to overcome either or both of the 

opposing tensions a break would occur in the liquid itself, or 

more likely at the liquid-solid interface. That this is easily 

possible is illustrated by the work of Budgett (6). The greatest 

tension he has observed in overcoming such adhesion and cohesion 
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tensions in liquid-solid systems is less than 100 atmospheres. 

Then in desorption, 

Pd = Poe*2<r70ose/rn 

and when 2 (TVCos 6/rn just exceeds the tensil strength of the 

liquid-solid system a brealc will occur in the liquid column, and 

if 

Cos e/rn $ l/rb 

then 

Pa = Poo-
2<rT0os9/rn Sp0e*

2<^rb =Pa 

and no hysteresis occurs. 

The lnterfaoial tension of the solid-liquid system may vary 

from one point on the surface to another so that the deciding 

factor as to whether hysteresis due to bottle necks will occur 

is the magnitude of the lowest value of the interfacial tension. 

We are now in a position to explain how in the case of metal 

oxides hysteresis is pronounced with water as sorbate but in 

some cases only slight with various organic liquids. The metal 

oxides in general are hydrophillic and exhibit a high lnter¬ 

faoial tension with water, whereas the lnterfaoial tension of 

such gels with organic liquids is low and the capillary tension 

eliminates the hysteresis due to ink-bottle pores by causing a 

break in the body of the solid-liquid system so that the cavity 

empties at Pa at which it filled. 
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The effect of capillary tension on ordinary pores is to cause 

the formation of vacuoles at the points where the Interfacial 

tension is low. Vacuoles thus forming during sorption will not 

effect the reversibility of the isotherm but will only decrease 

the total volume adsorbed. The volume of sorbate taken up will 

also depend on the size of the molecule since some cavities may 

have necks of molecular dimensions, in which cases plugging may 

result. 

With this addition to the ink-bottle theory it becomes clear 

that it is possible for various sorbates to give isotherms differ¬ 

ing in shape and total volume adsorbed end in the extent of the 

hysteresis loop. 

(3) The Open Pore Theory 

The open pore theory which has been recently formulated by 

Cohan (10) is the result of a suggestion of Foster (13) that 

hysteresis may be due to delay in formation of a liquid meniscus 

in the narrowest constriction in the pore during sorption. Cohan 

agrees that cavities with constricted necks may be in part respon¬ 

sible for hysteresis, but points out that the gel structure may 

also contain "some pores and clefts which widen toward their bases 

and which behave as if they were open." Cohan’s description does 

not differentiate clearly between the nature of ink-bottle pores 

and his open pores, but his theoretical considerations are con¬ 

cerned with systems consisting chiefly of open capillaries. By 

thermodynamic considerations Cohan showed (8) that the pressure, 
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Pa, at which the meniscus forms is dependent on the curvature of 

the cylindrical film on the Internal wall of the capillary: 

P a 
.p^-rV/rR T 

Where r is the radius of the cylindrical film and the other 

symbols have the usual significance. In the case of a constricted 

pore, the pressure at which condensation occurs in the narrowest 

portion is given by the lower of the two values: 

Pa = PQe- ^ rn R 1 and = *oe 
- 2 o-v/ rb R T 

where rn is the narrowest radius in the constricted portion and 

rb is the largest radius below the constriction. The pressure 

at which evaporation takes place must be calculated from the 

Kelvin equation as: 

2<rV/r’ R T 

where r^ is the radius of curvature of the liquid meniscus. Now 

r* is greater than the radius of the capillary except when per¬ 

fect wetting (zero contact angle) is obtained, in this case 

is equal to rn and thus hysteresis is always to be expected when 

complete wetting is realized. We should expect no hysteresis 

when Pa Is equal to Pd, and this occurs when r^ is equal to 2rn. 

Thus, there should be no hysteresis for a given pore provided 

that at only one point the capillary has a radius not larger 

than twice the thickness of the chemically adsorbed film. This 



12 

relation Is: 

rh = ED 

where rh is now the radius of the capillary at which hysteresis 

begins and D is the thickness of the chemically adsorbed film. 

Since the chemically adsorbed film is mononolecular in most 

cases, D may be taken as the diameter of the sorbate molecule in 

a direction perpendicular to the capillary wall. It should be 

pointed out that with certain highly polar molecules on some 

surfaoes the chemically adsorbed film will exceed monomolecular 

thickness. However, in the majority of cases the above relation 

should hold and the pore radius, rh, at which hysteresis just 

begins should be predictable. 

Cohan t10) gathered from the literature the isothermal 

sorption-desorption data on nearly a hundred solid-vapor systems 

and calculated from the Kelvin equation the pore radius, rh, at 

which hysteresis begins. In each case the value of r^ was com¬ 

pared with 2D for the sorbate used, and the close agreement in 

most cases is striking. Except in those cases where an appreci¬ 

able degree of orientation of the sorbate molecules is to be 

expected (alcohols, water, ammonia, and sulphur dioxide), r^ is 

approximately equal to 2D, and as should be expected in the case 

of the oriented molecules rh is greater than 2D. Cohan also cal¬ 

culated the surface areas of each of the various adsorbents using 

the values of X/M at which hysteresis begins. It is convincing 

confirmation of Cohan*s theory that the values for the area of 

any given adsorbent agree well for all the sorbates used except 
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precisely those already mentioned as giving values of D larger 

than would ordinarily be expected. 

Further evidence in favor of Cohan*s theory lies in the 

possibility of making predictions regarding the curves obtained 

in scanning the hysteresis loop. In scanning the loop from the 

main sorption to the main desorption curve, the partially filled 

pores will empty first, and when the first completely filled pore 

empties, we are precisely on the main desorption curve. Moreover, 

the first cylindrical pore to empty will be the last one to have 

filled completely in sorption. Then, knowing the pressure at 

which scanning was started, the pore size from the Kelvin equation, 

and D from the sorbate, we may predict at what pressure the pore 

will empty and, consequently, where the scanning curve will termi¬ 

nate, Following this line of logic and using the measurements of 

van Bemmelen (4) and Rao (27) Cohan calculated for a number of 

systems the position of one extremity of the scanning curve when 

given the other. The agreement of the calculated with the experi¬ 

mental values is again striking evidence in favor of the theory. 

(4) The Theory of Barkas 

Barkas (3) has proposed a theory of hysteresis based on the 

elastic properties of gels which distinguish them from solutions. 

He considers gels as plastic materials which will show semi¬ 

permanent distortion under shear stresses, and only a certain 

amount of elastic reoovery when the stress is removed, so that a 

lag occurs in the stress-strain relation. Thus work done on a 
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gel during sorption will not le completely recoverable on desorp¬ 

tion and hysteresis will result. If the gel is entirely elastic 

the work done on the gel during sorption will be completely re¬ 

covered on desorption so that the sorption-desorption process is 

reversible and no hysteresis results. If the degree of elasticity 

Is Increased then a larger fraction of the work done is recoverable 

and the extent of the hysteresis loop should be diminished. 

Barkas considers it unlikely that his theory will apply to all 

cases of sorption-desorption hysteresis, but points out that it 

seems inescapable thermodynamically that plasticity will be a 

potential source of hysteresis even if not the only cause. 

C. Elimination of Hysteresis 

An aspect of the hysteresis phenomenon not considered in any 

of the above theories is the elimination or diminution of the 

hysteresis on repetition of the sorption-desorption process. 

Sheppard and Newsome (29) observed a slight reduction of hyster¬ 

esis in the system cellulose-water after three successive cycles, 

and Rao (27) has observed the same effect in the sorption of 

water on certain organogels, rice, dahl, and gum arable. Sheppard 

and Newsome do not find an explanation of the phenomenon, but Rao 

believes it to be due to the increased elasticity of organogels 

on imbibition of water. Working with the system ferric oxide- 

water Rao (27) observed considerable reduction in the hysteresis 

loop after ten sorption-desorption cycles requiring a period of 

four months. He explains this effect on the assumption that all 
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of the molecular necks of the capillaries have widened out as a 

result of a slight coalescence of the gel in the repetition of 

the sorption-desorption process. Rao claims the behavior of the 

ferric oxide gel in this respect to be different from that of 

silica, titania, and alumina gels. 

The experimental portion of this work to follow continues the 

investigation of the elimination or diminution of the hysteresis 

loop by modifications in the method of preparation of the gels. 

The results of this investigation may aid in suggesting a compre¬ 

hensive theory on the basis of which the numerous aspects of 

sorption-desorption hysteresis may be explained. 



EXPERIMENTAL 
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A. Apparatus 

Many varieties of apparatus have been devised for carrying 

out isothermal sorption-desorption studies. These vary from 

the comparatively crude types used by early workers such as 

van Eemmelen to more complicated and elaborate systems as those 

of Spitze and Hansen (31) and of Stamm and 7,'oodruff (32). Regard¬ 

less of complexity, however, all such systems consist principally 

of devices for measuring isothermally (a) the vapor pressure and 

(b) the corresponding composition of the solid sample. The early 

types of apparatus were characterized by the long periods of time 

required for oarrying out sorption-desorption studies; for instance, 

van Eemmelen allowed his samples to come to equilibrium successively 

with sulfuric acid solutions of known vapor pressures, each equi¬ 

librium state sometimes requiring several weeks. Later investigators 

by the application of modern techniques have reduced the time re¬ 

quired for obtaining approximate equilibrium to a few hours, the 

most important factors being the exclusion of "permanent gases" 

and the maintenance of constant temperature. 

The portion of the present experimental studies of the hydrous 

oxides SiOg, TiOg, TagOg, and Sn02 (36) was carried out in an 

apparatus much like that previously described by Welser, Milligan, 

and Coppoc (33). This apparatus was an all-glass system consisting 

of a McBain-Eakr silica spring balance (£2), an oil manometer, and 

a tube of barium chloride hydrate to supply water for réhydrations. 
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The extension of the spring was followed with an accurate measur¬ 

ing microscope, and the manometer was read by means of a eathe- 

-4 
tometer. The system was evacuated to a pressure of 10 mm. Hg 

and the temperature of the sample controlled to 1.03° C. by a 

mercury-toluene regulator in conjunction with an electronic relay 

system. The experimental work on gamma alumina monohydrate (23) 

was carried out in the apparatus now to be described. 

The experience of experimenters at this and other laboratories 

in isothermal sorption-desorption work has suggested that there is 

room for improvement in matters of speed, accuracy, and conven¬ 

ience in carrying out such studies, and the present apparatus has 

been designed and built with these points in mind. The apparatus 

consists of an all-glass system (figure 1) in which isothermal 

sorption-desorption studies may be conducted simultaneously on 

six samples, each of which may be a different material if desired. 

Six isothermal vapor pressure-composition curves are thus obtained 

with a considerable saving in total time of operation. All of the 

samples are open to a common source of sorbate vapor, and when 

equilibrium has been established between every sample and the 

vapor, all the samples exert the same vapor pressure. The com¬ 

position of each sample corresponding to this vapor pressure is 

then measured and a point on each of the six vapor pressure- 

composition curves is determined. The essential parts of the 

apparatus are: 

(1) Thermostatically controlled bath 
(2) Balances for measuring composition 
(3) Keans of measuring vapor pressure 
(4) Device for rehydratlon 
(5) Vacuum system 
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(1) Thermostatically Controlled Eath 

The thermostat employed In the apparatus consists of a cool¬ 

ing system, a source of heat, a regulating device to balance 

these two elements, and an efficient stirrer. A well insulated 

5-gallon tank provided with a centrifugal pump stirrer rated at 

100 gallons per minute is used to house the various elements. 

Cooling is effected by a commercial refrigerating unit with 

expansion chfmber in the bath. Heat is provided by a 1000 watt 

heater and by two 250 watt knife-blade heaters. The large heater 

is controlled by a variable transformer, and the smaller heaters 

are controlled by a thyratron relay system actuated by an ex¬ 

tremely sensitive mercury-toluene thermoregulator.. Kith this 

control system the temperature of the bath can be held constant 

to better than ±0.001°C. over a complete run requiring several 

days. Temperature changes in the system are very difficult to 

detect with a Beckmann thermometer provided with a reading glass. 

The schematic circuit for the thyratron regulating system is 

shown in figure 2, 

(2) Balances for Measuring composition 

Figure 3 is a representation of the glass system in which the 

samples are housed. Six glass tubes 4 cm. in diameter and 70 cm. 

long are joined together at their mid-points. The top of each 

tube is provided with a ground glass stopper with a glass hook 

sealed in from which hangs a silica spring, A short rod of 

fused silica is also hung from the hook to serve as a reference 
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point in weighing the samples. The silica springs were cali¬ 

brated with a set of analytical weights which were in turn 

calibrated against a weight calibrated by the National Bureau 

of Standards. The elongation of the springs was found to be 

linear over the range used, the changes in length being deter¬ 

mined by a precision measuring microscope whose soale and 

vernier were certified by the manufacturer. The microsoope 

(figure 3) is mounted in front of the glass system on an optical 

bench provided with a reversible, motor-driven screw by means 

of which it may be moved quickly into position for reading any 

of the spring extensions. For greater ease in reading, the 

springs and reference rods are illuminated by a fluorescent 

lamp. Readings can be duplicated to ±0.001 mm. which is equiva¬ 

lent to about ±0.003 mg. with the springs used. Samples of 

100 mg. are placed in aluminum buckets of about the same weight, 

and these are hung on long glass fibers which are suspended from 

the lower end of the silica springs so that the samples hang 

near the bottom of the tubes and well below the water level of 

the thermostat. 

(3) Means of Measuring Vapor Pressure 

The vapor pressure exerted by the samples at equilibrium is 

measured with a manometer containing a vacuum pump oil of low 

vapor pressure. The density of the oil is 0.88y3 g./cc. at 

25°C. referred to water at 3.98°C., a pressure of 1 mm. of ng 

thus being equivalent to about 15 mm. of the oil. The manometer 
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differential Is read with an Ehrbaclc cathe tome ter to 0.1 mm. of 

oil which corresponds to about ±0.007 mm. of Hg. The manometer 

is immersed in a glass-walled water bath whose temperature is 

maintained at 25°C. ±0.05 C. The temperature is controlled 

with a meroury-toluene regulator in conjunction with a simple 

mechanical relay and thyratron circuit. 

(4) Device for Rehydration 

In order to traverse the sorption branch of the pressure- 

composition curve, a controllable supply of sorbate vapor must 

be introduced into the system. Where water is the sorbate it 

has been found convenient to obtain the desired amount of vapor 

by thermal decomposition of a small portion of a salt hydrate. 

In this apparatus is included a small tube of BaClg^HgO 

surrounded by an electric heater by means of which water vapor 

may be added to the system at any desired rate. 

(5) Vacuum System 

To ensure removal of all so-called permanent gases from the 

apparatus and to facilitate desorption, a vacuum system capable 
iS 

of maintaining a pressure of about 10~ mm. Hg is employed. The 

components of this system are: a tube of PgOg and a liquid 

nitrogen trap for removing water vapor; a water-cooled, two-stage, 

glass diffusion pump using octyl sebaoate; and a Hyvac pump. The 

hard vacuum is measured by an ionization gage and by a lîcLeod 

gage, and the fore vacuum by a Pirani gage. Figures 4 and 5 are 

general views of the apparatus from opposite sides. 
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B. Procedure 

The general procedure for carrying out an isothermal sorpticn- 

desorption study in this apparatus is as follows: Three samples 

of each of the six materials to be studied are taken, one for 

water content analysis, one for the isotherm, and one for X-ray 

diffraction study. The isotherm samples are weighed and placed 

in the apparatus and the spring extensions read before evacua¬ 

tion is begun. The tube containing BaCl2.2H20 is left open to 

the system during this evaouatlon to ensure the removal of air, 

but is immersed in liquid nitrogen to prevent the decomposition 

of the hydrate. The pressure in the system is reduced to 10 — 

-7 
10 mm. Hg and maintained for eight to ten hours until the vapor 

pressure of the samples is no longer detectable with the oil 

manometer. The spring extensions are read again and the compo¬ 

sitions of the samples at zero pressure are determined. To 

traverse the sorption curve, water vapor is added to the system 

by heating the BaClg.BH^O until about the desired pressure is 

attained. In most cases equilibrium is established in two or 

three hours as evidenced by no further pressure change. The 

spring extensions are read and the compositions corresponding 

to the vapor pressure are calculated. This procedure is re¬ 

peated until saturation is reached. Desorption is accomplished 

by pumping off the amount of vapor desired and again allowing 

sufficient time for the attainment of equilibrium. 

To test the calibration of the springs and the density of 



the manometer oil, and to show the reproducibility possible with 

the apparatus, a standard silica gel was studied in each of the 

six positions. The plot of mean values of P va X/M is given in 

figure 6. The high degree of reproducibility possible with the 

apparatus is indicated by the fact that the average deviation of 

the six curves from the mean values of X/M is +0.0027 mg. water 

per mg. sample. 

C. Preparation of Samples 

Following are details of the preparation of the several oxide 

gels concerned in this investigation (36): 

(1) Tantalum Pentoxide 

potassium tantalate: Tantalum pentoxide gel was precipitated 

from solutions of potassium tantalate prepared by adding tantalum 

pentoxide to fused potassium hydroxide. Following the general 

procedure of Jander and Schulz, 25 g. of potassium hydroxide was 

melted in a silver crucible and ü g. of tantalum pentoxide was 

added stepwise, the melt being allowed to cool after each ad¬ 

dition until toward the end of the operation when the oxide did 

not dissolve completely. After the resulting melt had cooled, 

the crucible and contents were placed in 250 ml. of ice water. 

The resulting mixture was transferred to centrifuge bottles and 

allowed to stand several hours until the excess tantalum pentox¬ 

ide and the highly dispersed silver eroded from the crucible 

bad settled out. After centrifuging, the clear solution was 
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transferred to an evaporating dish and evaporated in a vacuum 

to a volume of less than 10 ml. The supernatant liquid was 

discarded and the residue was washed first with a little water 

and finally with several portions of ethanol to remove 

potassium hydroxide. For further purification, the precipitate 

was dissolved in water and the operations of crystallization 

and washing were repeated. 

Sample 1. A solution of 3 g. of the potassium tantalate in 

500 ml. of water was cooled to -3°C. and treated with Just enough 

oold hydrochloric acid to precipitate the hydrous tantalum 

pentoxlde. The gel was washed in a centrifuge until it started 

to peptize and allowed to dry in the air at room temperature. 

Sample 2. A solution of 4 g. of potassium tantalate in 500 ml. 

was boiled for three hours, using a reflux condenser. While still 

boiling, the gel was thrown down with hydrochloric acid and the 

precipitate was washed in the same manner as sample 1. 

Sample 5. A solution of 2.5 g. of potassium tantalate in 

500 ml. was boiled under reflux for 72 hours. The resulting sol 

was coagulated with ammonium chloride and washed in the same 

manner as sample 1. 

(2) Stannic Oxide 

Sample 4. Stannic oxide was precipitated at 0®C. from a 1% 
sodium stannate solution with ammonium chloride and the gels 

washed and dried by the procedure described for sample 1. 

Sample 5. A 1% solution of sodium stannate was boiled for 
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3 hours under reflux, and the resulting sol precipitated with 

hydrochloric acid and ammonium chloride and washed and dried as 

before* 

(3) Titanium Dioxide 

Sample 6. Approximately 2 ml. of titanium tetrachloride was 

poured into 5 ml. of concentrated hydrochloric acid and the re¬ 

sulting solution diluted with 500 ml. of the normal acid cooled 

below 0°C. The gel precipitated by the addition of ammonium 

hydroxide was washed and dried as before. 

Sample 7. Approximately 2 ml. of titanium tetrachloride was 

poured into 50 ml. of concentrated hydrochloric acid. The solu¬ 

tion was diluted to 500 ml. and boiled for several minutes until 

a cloudiness began to appear. The gel was then precipitated by 

the addition of ammonia and washed in the usual way. 

(4) Gamma Alumina Monohydrate 

Samples 8, 9, and 10. Three samples of gamma alumina mono¬ 

hydrate were prepared from 0.1 M solutions of aluminum nitrate, 

aluminum chloride, and aluminum sulfate respectively at 25° C. 

The gels were precipitated by addition of ammonia to a pH of 

about 8, washed repeatedly by centrifuging, and dried at 70°C. 

Samples 11, 12, and 13. Three samples of gamma alumina mono¬ 

hydrate were prepared from 0.1 M solutions of aluminum nitrate, 

aluminum chloride, and aluminum sulfate respectively at 100°C. 

The gels were precipitated by addition of ammonia to a pH of 

about 8, washed by repeated centrifuging, and dried at 70°C. 
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D. Isothermal Sorption-Desorption studies 

The experimental results from the Isothermal sorption- 

desorption studies at 12°C. are given below 136). 

(1) Tantalum Pentoxide 

Figures 7, u, and y are the water sorption and desorption 

curves of the respective samples of tantalum pentoxide. The 

marked hysteresis loop obtained with the sample precipitated 

at 0°C. (sample 1) is very much reduced by hydrolysis of the 

potassium tantalate and aging the resulting oxide sol at 100®C. 

for 3 hours before precipitating the gel (sample 2). continuing 

the aging process for 72 hours yields a gel (sample 3) which 

exhibits still less sorption-desorption hysteresis. The 

hysteresis zone with the oxide precipitated at 0°C. extends from 

a composition of 2.5 to 6 moles of water per mole of tantalum 

pentoxide. With the gel precipitated from the solution boiled 

for 3 hours, the narrower hysteresis zone starts above 3.5 moles 

of water per mole of oxide; and with the gel precipitated from 

the solution boiled for 72 hours, the narrower hysteresis zone 

starts above 4 moles of water per mole of oxide. The amount of 

water held by the gel does not vary greatly with the several 

conditions of preparation. The three gels are alike m being 

amorphous to X-rays and in retaining relatively large amounts 

of water at the saturation point. 

The sorption-desorption behavior of the tantalum pentoxide 

gel precipitated from potassium tantalate solution corresponds 
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in essential respects to the behavior of silica gel precipitated 

from water glass or sodium metasilicate solutions. Aging the 

sol particles by boiling the sols of the respective oxides 

gives gels which show little or no sorption-desorption hyster¬ 

esis for water. It is apparent that sufficient aging changes 

the character of the sol particles in some way so that the re¬ 

sulting gel exhibits little or no hysteresis. 

(2) stannic Oxide 4 

Figures 10 and 11 are the sorption-desorption isotherms for 

stannic oxide precipitated from a fresh solution of sodium 

stannate at 0°C. (sample 4) and from a sol prepared by boiling 

the stannate solution for 3 hours (sample 5). Here again, the 

gel precipitated at 0°C. exhibits marked sorption-desorption 

hysteresis throughout most of the vapor pressure range, whereas 

the gel precipitated from the sol aged by boiling exhibits no 

hysteresis except near the saturation pressure. Both gels give 

the X-ray pattern characteristic of Cassiterite (SnOg)• 

(3) Titanium Dioxide 

Figures 12 and 13 are the sorption-desorption isotherms for 

titanium dioxide gel from a fresh solution of titanium tetra¬ 

chloride (sample 6) and from a solution aged by boiling (sample 7), 

It will be noted that both gels exhibit the hysteresis phenomenon, 

but this behavior is les3 marked with the gel from the boiled 

solution except at the higher vapor pressures. The gel from the 
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solution aged at 100°C. holds less water than the gel from the 

fresh solution at 0°C. The 0°C. gel was amorphous to X-rays, 

whereas the 100°C. gel gives the anatase pattern. Further 

aging of the sol gives a strongly crystalline material which 

exhibits less adsorption than sample 7 and no sorption- 

desorption hysteresis. In this case the reduced adsorption 

and the elimination of the hysteresis are associated with the 

reduction in speoifio surface which accompanies the growth of 

crystals. 

(4) Gamma Alumina Monohydrate 

Figures 14, 15, and 16 are the sorption-desorption isotherms 

for gamma alumina monohydrate samples prepared from the nitrate, 

chloride, and sulfate respectively at 25°C.; and figures 17, 18, 

and 19 are the isotherms for the corresponding samples prepared 

at 100°C. All the samples are seen to exhibit hysteresis over 

the entire pressure range. To verify .this fact the sorption- 

desorption experiments were repeated and the pressure in the 

apparatus reduced to 10“^ mm. Hg. to insure the removal of all 

so-called permanent gases. Mercury vapor was also carefully 

excluded. The primary particle size of gamma alumina mono¬ 

hydrate gels is known to depend on the choice of aluminum salt 

and on the conditions of preparation (35). An equation formu¬ 

lated by Debye and ücherer and modified by other workers relates 

the primary particle size of a substance to the breadth of the 

lines in the X-ray dlffraotion pattern given by the material. 
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This relation is an inverse one so that the smaller the particles 

the broader and more diffuse will be the lines of the diffrac¬ 

tion pattern. Fleure 20 shows the influence of choice of 

aluminum salt on the primary particle size of the several gamma 

alumina monohydrate gels. The X-ray diffraction pattern of 

gamma alumina monohydrate from the nitrate shows the sharpest 

lines while these from the chloride sample are more diffuse. 

The sample prepared from the sulfate is amorphous to X-rays. 

This definitely establishes the order of decreasing particle 

size of gamma alumina monohydrate from the three salts used as 

nitrate > chloride > sulfate. Figure 21 shows electron diffrac¬ 

tion patterns for the samples prepared from the chloride and the 

sulfate, and the order of diffuseness of these patterns confirms 

the order of particle size as established by X-ray diffraction. 

Reference to figures 14, 15, and 16 will make apparent two facts: 

First, the area of the hysteresis loop will be seen to increase 

with decreasing primary particle size. Gamma alumina monohydrate 

from the sulfate exhibits the most pronounoed hysteresis and the 

smallest primary particle size. The sample from the chloride 

has intermediate properties and that from the nitrate exhibits 

the largest primary partiole sizo and the least hysteresis. 

Secondly, the amount of water held by the samples (figures 14, 

15, and 16) is seen to increase with decreasing particle size as 

illustrated by comparison of the values of X/M at zero pressure. 

The sample from the nitrate holds the least water, that from the 

chloride an intermediate amount, and the sample from the sulfate 
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is the most hydrous. This result is to be expected since the 

decrease of particle size is accompanied by an enhancement of 

the surface area of the adsorbent. 

A comparison of figures 14, 15, and 16 with figures 17, 18, 

and 19 shows the effects of preparing the gels from solutions 

of the aluminum salts at the boiling point. This variation in 

preparation has little effect on the isothermal sorption- 

desorption curves for the sample from the nitrate, the most 

crystalline of the samples considered. In the samples prepared 

from the chloride and the sulfate, however, the effect of pre¬ 

cipitation at 100°C. is two-fold: in each of the latter cases 

the magnitude of the hysteresis loop is decidedly diminished, 

and, In addition, the amount of water held at zero pressure is 

decreased. Both of these effects are more pronounced in the 

case of the sample prepared from the sulfate at 100® 0. 

The permanence and reproducibility of the low pressure 

hysteresis in the system gamma alumina monohydrate-water ha3 

been established by three repetitions of the isothermal sorption- 

desorption curves. 
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A previous paper from this laboratory (34) was concerned 

with the influence of the conditions of preparation of silica 

gel on the sorption and desorption of water by the gel. It 

was shown that hysteresis in silica gel is diminished or com¬ 

pletely eliminated by simple modifications in the preparation 

of the gel consisting of increasing the temperature of precipi¬ 

tation and aging the sol at the boiling temperature before 

coagulation. The present investigation has extended the obser¬ 

vation of marked reduction or elimination of hysteresis to gels 

of tantalum pentoxlde, stannic oxide, titanium dioxide (36), 

and to gamma alumina monohydrate (23). The gamma alumina mono¬ 

hydrate samples were prepared with the above mentioned modifi¬ 

cations, and also under conditions which vary the primary 

particle size of the resulting gel. 

A satisfactory theory of sorption-desorption hysteresis must 

explain the marked diminution or elimination of hysteresis in 

these gels which accompanies the modifications in the procedure 

for preparing the gel herein described. 

If sorption-desorption hysteresis results from the presence 

in gels of the ink-bottle pores of Kraemer and MoBain or of the 

open pores of Cohan, or of both, then it follows that the re¬ 

duction or elimination of hysteresis in gels observed herein 

results from the modification or elimination of the proposed 

capillary structures. On the basis of the ink-bottle theory, 

the elimination of hysteresis would require the removal of the 
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constrictions in a pore thus rendering it a uniform cylinder 

or a v-shaped cavity. The open pore theory would require the 

closing of the capillary and removal of constrictions again 

leaving a uniform, closed, cylindrical, or V-shaped cavity. 

It is not apparent how increasing the temperature of precipita¬ 

tion, aging the 30I at the boiling temperature, or varying the 

particle 3ize of the gel would modify or eliminate the structures 

which were assumed to be necessary for hysteresis. 

In terms of the theory of Earkas the explanation of the 

modification of the hysteresis phenomenon in gels from aged sols 

would require that such gels possess more elastic structures 

than gels precipitated under ordinary conditions from freshly 

formed molecular solutions. 

A survey of the literature shows that all the cases of 

elimination or reduction of sorption-desorption hysteresis have 

involved systems which may be characterized in general as 

hydrophilllc gel-water systems. The organogels (27) and gels 

of the hydrous oxides (36, £3) answer this description. In the 

case of the organogels hysteresis was eliminated by repetition 

of the sorption-desorption cycle with long periods of waiting 

at the saturation pressure. The same effeot was produced by 

treating the organogels with water in a vacuum before beginning 

the sorption-desorption process. In the case of the gels of the 

hydrous oxides hysteresis was diminished by aging the sols and 

preparation of the gels at the boiling temperature. The hyster¬ 

esis in the system ferric oxide-water (27) was reduced by repetition 



32 

of the sorption-desorption cycle, and the author has observed 

the same effect on another hydrous oxide in experiments not 

yet complete. It is the author*s belief that all of the above 

mentioned treatments when applied to gels have the same effect 

on the physical structure of the gel. Gels prepared and dried 

tinder ordinary conditions of temperature have a more or less 

rigid structure. The presence of pores with constricted necxs 

and of open pores and clefts accounts for the hysteresis in 

sorption-desorption in such rigid structures, according to the 

theories discussed. V.hen the sorption-desorption cycle is re¬ 

peated over a considerable period of time with long exposure of 

the sample at saturation pressures, the gel has an opportunity 

to swell, and as a consequence the entire gel structure is 

rendered more elastio and exhibits physical properties remi¬ 

niscent of the freshly prepared and undrled gel. The mechanism 

of desorption from the gel is now altered. Yihen the pressure 

is reduced and tension is applied to the liquid in a capillary 

the walls, being elastic, have a tendency to yield and allow the 

emptying of the pore at a pressure which more nearly approaches 

the adsorption pressure at which it filled, and a reduction in 

the extent of hysteresis results. 

Exposing the gel to the sorbate vapors at the saturation 

pressure for long periods of time before beginning sorption- 

desorption should have the same effeot on the elastic properties 

of the gel and consequently should result in a diminution of the 

hysteresis. 
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The modification in the preparation of the gels in the 

present work which includes the exposure of the newly formed 

gel agglomerates to water at the boiling point is merely 

another way of accomplishing the swelling of the gel which is 

accompanied by an increase in elasticity. The swelling of the 

gel by the boiling technique may actually close some of the 

pores and, in addition, may bring about a small decrease in 

surface so that the volume of sorbate taken up in the initial 

monomolecular adsorption may be less than for the untreated gel. 

These effects are illustrated in varying degrees by the samples 

of gamma alumina monohydrate in which the primary particle size 

was purposely varied. 

The existence of hysteresis at low pressures in the isotherms 

for gamma alumina monohydrate is evidence that some of the con¬ 

stricted cavities or open pores are of molecular dimensions. 

The permanence of the hysteresis loop for hydrophlllic gel- 

organic liquid systems is required by the above considerations 

since such gels show no tendency to swell in organic liquids in 

general. The large body of data available on this question 

indicates that permanence of hysteresis is one of the character¬ 

istics of such systems. 
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The following is a summary of the results of this investigation. 

(1) A precision, multiple sorption-desorption apparatus 

has been constructed enabling six isotherms to be determined 

simultaneously. 

(2) The phenomenon of elimination or diminution of sorption- 

desorption hysteresis has been observed for gels of tantalum 

pentoxide, titanium dioxide, stannic oxide, and gamma alumina 

monohydrate. 

(2) Sorption-desorption hysteresis in hydrous oxide-water 

systems is greatly reduced or eliminated for gels formed at 

the boiling temperature from aged sols, and the extent of the 

hysteresis has been related to the primary particle size in the 

case of gamma alumina monohydrate. 

(4) A brief review has been given of the theories which have 

been proposed to account for sorption-desorption hysteresis. 

Their individual insufficiencies have been pointed out in the 

light of the observed phenomenon of elimination or diminution 

of hysteresis. 

(5) The elimination or reduction of sorption-desorption 

hysteresis in hydrous oxide gels may be attributed to: 

(a) The modification or destruction of the proposed capillary 

structures on the basis of which hysteresis has been explained. 

(b) The increased elasticity of the gel which accompanies swell¬ 

ing brought about by proper treatment of the gel. 
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(6) No mechanism has been proposed which accounts satis¬ 

factorily for all the facts observed in sorption-desorption 

hysteresis. A satisfactory theory of the phenomenon must 

explain the marked diminution or elimination of hysteresis in 

hydrous oxide gels brought about by the simple modifications 

in experimental procedure for preparing the gel which are 

described in this paper. 
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