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ABSTRACT 

The industrial use of finely divided solids has increased many-

fold during the past few years. In such fields as powder metallurgy, 

ceramics,, catalysis, separation of isomers, and concentration of rare 

earths, small particles are used extensively. One out-growth of this 

wide-spread utilization of fine powders has been an increased interest 

in the study of the surface properties of finely divided material,, 

The measurement of the surface area of a solid is obviously of 

fundamental importance to a study of its properties. Generally, the 

methods available for the evaluation of surface area fall into one 

of two categories: (l) direct methods wherein some measure of par­

ticle diameter is obtained or (2) indirect methods in which use is 

made of certain physico-chemical properties of the surface. 

While a useful and somewhat comparable measure of particle size 

is obtained by use of the direct methods (e.g., microscopic examina­

tion, sieve analysis), surface area values so obtained are generally 

unreliableo This is due to lack of knowledge regarding particle 

shape and structure! consequently the relation between particle size 

and surface area is unknown. These methods are further limited in 

that pores and fissures escape detection in most instances, 

The indirect methods, of which permeometric measurements, heat-of-

wetting measurements, sedimentation techniques, and various adsorption 

techniques are typical, usually are based upon some sort of inter­

action between the surface atoms of the solid and atoms or molecules 
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of the surrounding media,, Of the indirect methods, the most accurate 

are those techniques based upon adsorptive processes of one kind or 

another, 

The most widely used of the adsorption techniques is the one 

developed by Brunauer, e_t al., commonly known as the BET procedure, 

While some of the underlying assumptions of the BET theory are erro­

neous , the surface area values obtained by use of this theory are 

generally accepted as being quite accurate, This method of surface 

area determination, however, has not been utilized to its fullest 

extent, since it requires rather elaborate equipment and an excessive 

amount of time, 

The objective of this investigation was to evaluate the use 

of the adsorption of stearic acid from solution as a rapid means of 

measuring the surface area of particulate matter; to evolve, if possible, 

improvements to present techniques used for this purpose; and to de­

lineate the limitations of present techniques«, 

In the adsorption of stearic acid from solution each adsorbed 

molecule is assumed to be oriented with its longest axis normal to 

the surface of the solid, with the polar, carboxylic group attached 

to the solid surface. There is good evidence In the literature that 

this is the orientation of the adsorbed molecules. Furthermore, the 

area occupied by each adsorbed molecule is assumed to be the same as 

that of a molecule in a close-packed film on water. The generally 

accepted value of 20,5 8 per molecule was used throughout this study, 

The adsorption of stearic acid was measured from solutions of 

benzene, hexane, methanol, and cyclohexane onto the solids nickel, 



iron, clay, and titanium dioxide over a rather wide concentration range, 

Wien the amount of acid adsorbed was plotted as a function of the rela­

tive concentration (i<,e., the ratio of the equilibrium concentration to 

the saturation concentration), it was found that the amount adsorbed by 

the materials studied in all cases reached a maximum at fairly low 

values of relative concentration and remained constant thereafter. 

Data of other workers plotted in this same manner gave similar results* 

This would indicate that to determine the surface area—assuming that 

the maximum amount adsorbed corresponds to a unimolecular layer—it is 

necessary to make only one measurement, if this is made at a relative 

concentration high enough so that this point is on the flat portion of 

the isotherm, A number of single-point determinations seem to confirm 

this observation, 

In gas-phase studies, degassing of the sample is essential if 

reproducible and accurate results are to be obtained. It has been 

reported that for non-porous alumina and for metals and metal oxides, 

the extent of adsorption was essentially the same whether the samples 

were degassed or not. Presumably the organic solvent will displace 

loosely held, adsorbed gases. This was found to be true to a large 

extent for a number of kaolins and titanium dioxide as well as metals 

and metal compounds, although in some instances degassing of these 

materials was necessary before results in agreement with BET values 

could be obtained, 

The amount of stearic acid in solution after adsorption was 

determined by conductometrie titration or by use of a Langmuir trough 

in a comparative method of analysis which was found to be both accurate 



and rapido 

The values obtained for the surface area of solids as determined 

from measurement of the adsorption of stearic acid from solution are 

generally in good agreement with the results obtained by the BET method, 

While surface area values determined by stearic acid adsorption are not 

as accurate as those determined by the BET procedure, this technique 

has the advantage of requiring less elaborate equipment and, for those 

cases in which degassing is not required, of taking much less time. 

The accuracy of surface area values obtained by the adsorption 

of stearic acid from solution can be ascertained only by comparison 

with some other standard (the BET values in this study). The tech­

nique should be of value, nevertheless, particularly in those cases 

in which it is necessary to know only the relative value of the surface 

area of a powder compared to another powder of the same substance. 



CHAPTER I 

INTRODUCTION 

In recent years a considerable amount of interest has been direc­

ted toward the study of the surface properties of finely divided materials. 

The measurement of the surface area of a solid is obviously of fundamental 

importance to a study of its properties. 

There are a number of methods available for the determination of 

the surface area of particulate matter. They fall into one of two clas­

sifications—direct methods of particle-size measurement, exemplified 

by microscopic examination and sieve analysis; or indirect methods, which 

make use of certain physico-chemical properties exhibited by the surface. 

The direct methods may be used if the particles are confined to 

narrow limits of size (6). From these methods the average particle "di­

ameter" and the distribution of particle "diameters" may be obtained. 

However5 for these values to be used in calculation of the surface area 

of the material,, it is necessary to make assumptions as to the average 

geometric shape of the particle. These methods are further limited in 

that crevices and pores escape detection. Furthermore, apparent par­

ticles may in reality be agglomerates. Such an instance is shown in 

Figures 1 and 2„ 

The indirect methods comprise the more widely used techniques 

such as permeometric measurements, heat-of-wetting measurements, sedi­

mentation techniques, and various techniques depending upon adsorptive 

processes. 
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The sedimentation and permeometric procedures for surface area 

measurement do not measure internal surface and are in general limited to 

particle sizes greater than ten microns. The heat-of-wetting technique 

due to Harkins and Jura (10) is perhaps the most theoretically sound method 

in use; however, it is the most difficult and tedious. This method is 

based on the fact that if a non-porous crystalline solid, whose surface 

is in equilibrium with the vapor of a liquid, is immersed in the liquid, 

heat will be evolved due to the loss of the surface energy of the adsorbed 

film. Each square centimeter of the surface film will give off an amount 

of heat corresponding to that which would be given off if many small drop­

lets of liquid with a total area of one square centimeter were immersed 

in a body of the same liquid. Since this quantity can be determined for 

the liquid from its surface tension and the temperature variation of its 

surface tension, the area of the solid can be determined if the relation­

ship between the area of the solid and that of the film is known. Nor­

mally 9 the error is small if it is assumed that the two areas are equal. 

Of the adsorption methods, the particular one (or modifications 

thereof) developed by S. Brunauer, P. H. Emmett, L. S. Deming, W. E. 

Deming, and E. Teller (39k)--usually referred to as the BET method—is 

the most widely used. This technique consists, in effect, of measuring 

the volume of a gas—usually nitrogen—adsorbed at the temperature of 

the boiling point of the adsorbate. In other gas-phase adsorption pro­

cedures, the extent of adsorption is determined gravimetrically (2k)• 

A number of liquid-phase adsorption techniques have been reported. Ad­

sorption of various dyes, iodine, and surface-active agents such as the 

fatty acids have been used. 



Figure 1. Electron Photomicrograph of Potassium Perchlorate Particle. 



Figure 2. Electron Photomicrograph of Potassium Perchlorate Particle 
After Exposure to Intensified Electron Beam, Showing 
Agglomerate Structure. 
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Of all these methods, the fatty-acid adsorption has the attribute 

of being comparatively simple and rapid for use as an engineering-control 

measure. In this method, which consists of adsorption in solution, it is 

assumed that oriented fatty-acid molecules form a single layer on the 

material whose surface is to be measured. However, there are many ques­

tions in technique to be resolved, and it is the purpose of this thesis 

to investigate the use of stearic acid as a means of measuring surface 

area and, if possible, to evolve improvements in present techniques. 



CHAPTER II 

THEORY OF ADSORPTION 

A. Background 

When a small quantity of a non-volatile and insoluble substance 

is placed on the surface of a liquid such as water, which has a high 

surface tension, the substance may behave in one of two ways: it may 

remain intact as a solid mass or it may spread over the surface in a 

thin film. In order for the substance to spread as a film it is a nec­

essary and sufficient condition that the forces of attraction between 

the water surface and the molecules of the spreading material be greater 

than the forces between the individual molecules (l). When such is the 

case, as many of the molecules of the spreading substance as can, move 

into direct contact with the underlying substance, forming as thin a 

film as possible. The limiting value that the thinness may attain is 

obviously a film one molecule thick. 

At least one of the properties of surface films of oil on water 

has been known since antiquity—their power of protecting ships in a 

rough sea by hindering the breaking of waves. The surface currents set 

up by substances spreading on water were observed by Benjamin Franklin, 

who noticed that dead flies soaked in oil moved about vigorously upon 

a surface of water. In subsequent work with films of oil on water, Lord 

Rayleigh (31) in England and Miss Pockels (29) in Germany established 

that the films were, if area oermitted, only one molecule thick. Langmuir 

(19) introduced new experimental methods of great importance which resulted 



in new conceptions concerning these films. 

Instead of working with oils, Langmuir used pure substances of 

known constitution and observed the effect of varying this constitution. 

He measured the outward pressure of the films directly by use of a 

floating barrier with a device to measure the force on it. The clearest 

results were obtained with normal, saturated, fatty acids and alcohols. 

Langmuir found that as the area over which the film was spread was re-

duced^ no appreciable surface pressure developed until the area per 

molecule had been reduced to approximately 22 X , at which point the 

pressure increased very rapidly with further decreases in area. Figure 

3 shows the variation between surface pressure and area per molecule 

for fatty acids on water. One of the most striking facts illustrated 

by Langmuir8s work is that the area is independent of the length of 

the chain for chain lengths of Hj. to 3h carbon atoms. This would in­

dicate that the molecules are oriented steeply to the surface and are 

oriented in the same manner in all the films, regardless of chain 

lengths. 

In 1931 Harkins and Gans (9) reported the adsorption of fatty 

acids from solution as a means for determining the surface area of pow­

ders,, Since then, several investigators have used this adsorption pro­

cedure as a means of estimating the surface area of various metals, 

metal oxides, and other powders« The surface area values for nickel 

and platinum catalysts as determined by fatty-acid adsorption by Smith 

and Fusek (3W were found to give essentially the same results as BET 

nitrogen-gas adsorption; however, Ries, Johnson, and Melik (32) found 

only order-of-magnitude agreement between the two methods for the surface 
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areas of several highly porous, supported catalysts. Work with carbon 

black by Smith and Hurley (35) and by Linner and Williams (21) indicates 

that adsorption is affected not only by size and distribution of pores 

but also by the previous treatment of the carbon surface. Orr and Bankston 

(27) found good agreement between fatty-acid adsorption and BET results 

on a number of clays. 

Greenhill (8) found that stearic-acid adsorption onto a number of 

finely divided metals was not appreciably affected by the presence of an 

oxide film on the powders. The effect which the presence of adsorbed 

water had on adsorption was found to depend on the powder. For unreac-

tive powders such as TiOp, SiOp, TiC, and SiC the presence of water 

merely reduces the amount of acid adsorbed; whereas for reactive pow­

ders such Cu5 Cup05 CuO, and Zn the presence of water seems to initiate 

chemical reaction. 

Bo Theory 

la Orientation and effective area of adsorbed molecules.—It is neces­

sary to know the orientation and effective area covered by the adsorbed 

molecules in order to evaluate the surface area of a solid from adsorp­

tion measurements. With regard to the orientation of the adsorbed mol­

ecules ̂  there is good evidence that the molecules arrange themselves 

perpendiculars or very nearly sos to the surface of the substrate. 

Langmuir's (19) work showed this type of orientation to occur at liquid 

surfaceso Mentor and Tabor (26) have shown from electron-diffraction 

studies of fatty acid and soap films adsorbed on metal surfaces that 

the molecules are oriented normal to the surface at room temperatures. 



As the temperature is raised, a disorientation is observed at some charac­

teristic temperature. This is a true disorientation effect, since as the 

temperature is lowered orientation is again observed. It was found that 

on non-reactive metals such as platinum, the disorientation temperature 

is close to the bulk melting point of the fatty acid. On reactive metals 

such as zinc and cadmium the disorientation occurs at a higher tempera­

ture which is close to the bulk melting temperature of the corresponding 

metallic soap5 thus suggesting that chemical reaction has occurred. 

The effective area covered by an adsorbed fatty-acid molecule is 

generally taken to be the same as that occupied by the molecule in a 

close-packed film on water. This value for stearic acid has been re­

ported variously as 20.5 (l) to 2£.l (21) S. per molecule. Void (36) 

has suggested that, since fatty-acid molecules are elliptical in cross 
Q 

section, the observed molecular cross-sectional area of 2£.l A corres­

ponds to the area for free rotation; whereas the value of 20.5 A cor­

responds to the area for closest packing of ellipses. 

That the adsorbed molecule could exhibit several distinct and 

different areas is not to be disregarded. Harkins and his co-workers 

(11) have shown that the mean molecular area of nitrogen when adsorbed 

is not a constant value, but varies with the nature of the substrate. 

The molecular area of the adsorbed molecules was reported to vary from 

13-6 to 16.9 A per molecule. The distribution of areas was not "normal" 
n? 

but rather tri-modal, with peaks at lli.O, 15.2, and 16.1 A per molecule, 

the largest number having the value of l£.2 8 . This finding is in sup­

port of other knowledge of the effect of substrates on phase changes in 

monolayers. While this may introduce some uncertainty into the values 



for areas of some very polar solids, it does not seriously reduce the 

utility of adsorption for determining surface area values. 

2. Gibbs adsorption equation.—-An exact relation between adsorption 

and surface tension was first derived by J. Willard Gibbs in 1878. 

The Gibbs adsorption equation may be derived from purely thermodynamic 

considerations. As this derivation can be found in many textbooks 

it will not be given here. For a two component system, i.e., one 

solute and one solvent at constant temperature, Gibbs's relation can 

be put in the form 

d» - - ^dMg (1) 

where tf is the interfacial tension,, i.e., the interfacial energy per 

sq. cm05 |-U is the chemical potential of component 2 (solute)$ and P2 

is the adsorptions the excess of component 2 in some arbitrarily 

placed 8* surface of discontinuity** over its concentration in the bulk 

Since 

^ - ^ + RT/,na2J, (2) 

equation (1) can be put in the form 

P 1 dg a2 dS f . 
1 2 '" " RT d&ia2 ̂  "" RT da2

 u ; 

where \J! is the chemical potential of the solute in the standard state 

For a good discussion of this concept, see N. K. Adam, The 
Physics and Chemistry of Surfaces,, Oxford University Press, 19^1, pp« 
107-113 and CoG35)9; ~ 



at a constant temperature, and a? is the activity of the solute for 

dilute solutions. The activity may be replaced by the concentration, 

C5 and the approximate form 

p C dtf 

'2 " "EF dC (10 

is obtained. 

If the surface phase is assumed to be only one molecule thick, 

at constant surface area 

- - - IT (-tk <« 
where a = number of molecules per sq. cm. Thus for the solutes that 

produce a lowering in surface tension, there will be a greater concen­

tration of the solute in the surface phase than in the bulk phase. 

3o Langmuir adsorption equation.—Langmuir (18) in 1°16 developed 

relationships for the adsorption of gas molecules onto a solid sur­

face. The Langmuir equation was derived from the consideration that 

a gas molecule striking a homogeneous solid surface may either re­

bound elastically or condense at the surface, re-evaporating after a 

longer or shorter time. Langmuir considered the forces involved in 

adsorption to be effective for very short distances only, and assumed 

that a molecule striking another adsorbed molecule returns immediately 

to the gas phase. He further assumed that the heat of adsorption will 

be the same for every molecule which strikes the bare surface and that 

this heat of adsorption is not affected by the presence of other ad­

sorbed molecules. The first assumption leads immediately to the 



conception of a layer one molecule thick as the upper limit of adsorption, 

Under these limitations, consider a unit area of a homogeneous 

surface in contact with a single gas at some pressure, P. If the number 

of adsorbed molecules per unit area of surface which would completely 

fill the surface with a unimolecular layer is denoted by a and the 

number of molecules which are actually adsorbed by a, the number of 

places available for adsorption is seen to be a - a . If n molecules 

strike the surface every second, a fraction — will strike on molecules 
o 

already adsorbed and will return immediately to the gas phase. The 

fraction available for adsorption is therefore, 1 - — . 
o 

It can be said then that 

er - n(l - f-)x (6) 
0 

where T is the average length of time (in seconds) that an adsorbed 

molecule remains on the surfaceo 

If the amount adsorbed is expressed in terras of the fraction 

of surface covered, the equation 

nT 

.S-.Q.—SI !° (7) 
ao a o * n T (1+^2) 

0 

is obtained,* The fraction of surface covered, 9, is proportional to 

the .number of moles of solute adsorbed per unit area and, if equal 

masses are assumed to have equal surface areas, is proportional to 

the number of grams adsorbed (x) divided by the mass (m) of adsorbent, 

Thus 



X 
K - o (8) 

I r a 

From the k i n e t i c theory of gases, 

n - =™ (9) 
(2TTMRT) ' 

where N is Avogadro5s number., and R^ P̂ , T, and M have their usual 

significance• For a given gas at a particular temperature 

n - aP (10) 

where 

a = NC2TTMRT)"1/2 • ( l l ) 

Let £- - b . (12) 
o 

If equations (10) and (12) are substituted in equation (7) and 

combined with equation (8) 

9 » hi = abP , (13) 
y m 1 + abP KLj>) 

and 

x = ab. P_ ABP (ll;) 
m L 1 + abP "" 1 + AP 

where A = ab and B = l/k^« 

Unimolecular adsorption from solution will be represented by an 

equation of the form 

x A'B'C . 5) 

m 1 + A'C w ! 
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where A1 and B» are constants corresponding to the constants A and B 

of equation (lU)^ and C is the concentration. 

The form of the Langirruir equation (or isotherm) depends upon 

the magnitude of A, If AP is small so that AP<<1, the fraction of 

the surface covered will be proportional to the pressure or concentra­

tion! whereas if AP is large so that A P » 19 the fraction © = 1, and 

the unimolecular layer will be complete. 

Adsorption isotherms are frequently encountered which show a 

tendency to reach a saturation value9 assumed to be a unimolecular 

layer. Whether or not the shape of the isotherm actually is described 

by equation (li|)5 isotherms of this type are usually referred to as 

being of the nLangmuir type.8 

For the occurrence of the adsorption phenomena described by 

the Langmuir equation^ the most important assumption is that molecules 

striking other molecules already adsorbed will return immediately to 

the bulk phase. It is not necessary that there be absolutely no bind­

ing between the first and subsequent layers for saturation to occur/ 

it is only necessary for the time of adsorption of molecules in a 

second layer to be short in comparison with the time of adsorption in 

the surface layer, This condition is fulfilled in cases of chemisorp-

tion and many cases of physical adsorption. It is also fulfilled when 

long organic molecules with a dipole on one end are adsorbed on polar 

surfaces. The adsorption of fatty acids on the surface of inorganic 

salts or oxides^ or on water surfaces.* would therefore be expected to 

give a Langmuir-type isotherm (7). 
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adsorbate molecules striking molecules already adsorbed do remain for 

an appreciable time. Thus., conditions for adsorption in more than one 

layer occur,, Langmuir and others after him made attempts to derive an 

equation for the adsorption isotherm in the case of multilayer adsorp­

tion. The most successful attempts in this direction are due to Brunauer, 

Burnett., Teller^ L. S. Deming5 and W. E. Deming (35lj.). Their theory is 

known generally as the BET theory. 

In the development of the BET theory the following fundamental 

assumptions were mades (1) The area of the total adsorbing surface 

(adsorbent) is measured in terms of the cross-sectional area of the 

adsorbate molecules^ and this is assumed to be the same as that in 

the liquid phase, (2) The first layer of adsorbed molecules is held 

to the adsorbent by a force which is related to the average heat of 

adsorption of the first layer and to the temperature. (3) The adsorp-

tive forces that bind the first layer do not extend appreciably beyond 

the first layer,, so that the heat of adsorption of the second and sub­

sequent layers will be close to the heat of liquefaction of the gas. 

The most familiar form of the BET equation is 

P/P . _ 
- — - - O . ^ = _i_ * i_rJL(p/p ) (16) 
v f l - P / P ) v c v c v / o v y 

' o m m 

where P ~ the equilibrium pressurê , 

v = volume of gas adsorbed at P5 

v a volume of gas adsorbed when the surface is completely 
covered with a unimolecular layer^ 

P = vapor pressure of the liquid adsorbates and 

c = a constant involving the heat of adsorption. 
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A plot of (P/P )/v(l - P/P ) versus P/P gives a straight line 

over the region in which this equation is valid. The intercept of this 

line is l/v c, and the slope is (c - l)/v c. Ihus v may be calculated, 

and from this., the surface of the adsorbent, if the average area occu­

pied per molecule is known, Brunauer and Emmett estimate the molecular 

area in the monolayer from a relation involving hexagonal close packing 

in the liquid or solid, 

The theory of multimolecular adsorption as developed by Brunauer, 

Emmett,, and leller has been widely criticized with various arguments, 

Brunauer himself gives a very fair set of criticisms in his book (£)• 

Nevertheless, the theory has been successfully used by many investiga­

tors for the purpose of estimating the surface area of various materials^ 

it is in fact the generally accepted standard for measuring surface area 

of finely divided or highly porous material, 

^o__Other theories,—Two other theories of interest are the potential 

theory and the capillary-condensation theory. The potential theory in 

its original form as advanced by Polanyi (30) assumed that adsorption 

was due to long-range attractive forces extending from the surface so 

that several layers, or an **atmosphereH of molecules, might be held 

to the surface. This, however, did not enter into the formulation of 

the theory,, which was easily modified later to conform more nearly with 

the modern concepts of the nature of molecular forces. Brunauer main­

tains that the Polanyi theory is the only theory of physical adsorption 

that can handle adsorption quantitatively on a highly heterogeneous 

s-urface (5>)« 

The capillary-condensation theory of Zsigmondy (37) attributes 
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adsorption to condensation of the gas in the capillaries of the adsor­

bent,, Zhis theory is based upon the long-known phenomenon that a 

liquid, that wets the walls of a capillary has a lower vapor pressure 

in the capillary than in the normal bulk phase. Zsigmondy assumed 

that in very small capillaries condensation could take place at pres­

sures considerably lower than the normal vapor pressure. Ihus, at 

low pressures the smallest capillaries would fill with liquid; as the 

pressure was raised larger capillaries would be filled, and so on in 

this fashion till all the pores of the solid were filled with liquid. 

It appears that capillary condensation does play a role in many ad­

sorption processes (28). 

One finds in practically all phases of adsorption studies ref­

erences to the ** classical** or M'Freundlichn isotherm. This isotherm 

is purely empirical and due not to Freundlich but to Kuster (25>). The 

classical isotherm equation can be put in the form 

Va = kP
l/n (17) 

where n > 15 

P - equilibrium pressure., and 

V ~ volume of gas adsorbed. 
a to 

For adsorption from solution t h i s equation can be expressed as 

a function of concentration^ C5 of solutes 

x/m a k 'C 1 / / n o (18) 

6. Adsorption from solution.--The accumulation of one molecular species 

at the interface between a solid and a solution is governed by complex 
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phenomena. The molecules may accumulate at the interface as a result 

of interfacial tension, may attach onto the solid surface through strong 

chemical valence forces, or may attach onto the solid surface through 

relatively weak physical (van der Waal's) attractive forces, 

Adsorption on a solid surface usually falls into one of two clas-

sifications, depending upon the nature of the forces existing between 

the solute molecules and the substrate.' These two types are (l) phys­

ical or Hvan der Waal's* adsorption and (2) chemisorption (sometimes 

called "irreversible" or "activated" adsorption). The most obvious 

difference between the two types is in the magnitude of the heats of 

adsorption, which is usually less than U000 calories per mole for 

van der Waal°s adsorption, but much higher (generally at least 10,000, 

and occasionally up to 200^000 calories per mole) for chemisorption (l). 

In physical adsorption, the desorption isotherm is essentially the same 

as the adsorption isothermj whereas for chemisorption the molecules are 

not easily removed by merely lowering the equilibrium concentration of 

the solution. Often in chemisorption, when the molecules are removed 

from the surface <, it is found that a surface reaction has occurred^ 

^jtEjf.s "̂fc'fcy acids adsorbed onto metallic surfaces may be found to be 

'the appropriate metallic soap when desorbed. 

Molecules are adsorbed on solid surfaces by interaction of the 

unsatisfied force fields of the surface atoms of the solid with the 

force fields of the molecules striking the surface. In this way the 

free energy of the solid surface is diminished (l). The type of in­

teraction,, if any,, that occurs between the solute molecules and the 

solid will be dependent upon the nature of the surface and of the 



solute moleculeso 

In adsorption from solution a complicating factor arises^ thai 

of the possibility of competition between the solvent and solute mol­

ecules for sites on the surface» Obviously when the solid is first 

immersed in the solution*, a large part of the surface will be covered 

with solvent molecules^ especially in dilute solutions0 It must be 

remembered,, however<9 that even at equilibrium the adsorbed molecules-

excluding some cases of chemisorption—-are not rigidly bound in place*, 

Molecules are constantly leaving the surface and being replaced with 

other moleculeso Under such conditions if there are present but two 

molecular species~«with one having a much longer average wlifett of 

adsorption^ jUe»5tihe time of adsorption is long—then there will be 

an accumulation at the surface of the species having the longer time 

of adsorption* 

As already stated,, the conditions encountered in adsorption from 

solution very often are approximated by the assumptions of the Langmuir 

theoryo This appears to be particularly true with regard to the assump­

tion of the formation of a unimolecular layer» Under most conditions 

the attraction between the molecules of the solvent and the solute 

molecules in the first adsorbed layer will be greater than the attrac­

tion between a solute molecule in solution and a similar molecule in 

the unimolecular layer0 This5 apart from entropy,, is one of the rea­

sons why the substance is in solution (?)<> For the total system9 xhe 

adsorption of a second layer of solute mole.ruj.es will be accompanied 

by a change in entropy which is approximately the same as that accom­

panying the adsorption of a layer of solvent molecules on top of the 

mole.ruj.es
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first adsorbed layer, 

It is to be expected that the forces associated with adsorption 

will vary with different faces of even a perfect crystal„ With an ad-

sorbate that was held only weakly, it is possible that while the forces 

of some faces would be strong enough to cause adsorption^ the energy 

of the adsorbate molecules could be such that no adsorption would occur 

on other faces* 

Since adsorption is an exothermic procesŝ , it would be expected 

that an increase in temperature would cause a general decrease in ad­

sorption* Therefore,, it appears that adsorption carried on at low 

temperatures would be most likely to achieve complete unimolecular 

coverage of the solid. 

The above argument holds true for adsorption both from the gas 

phase and from solution,. From solution another effect of temperature 

is encountered—that of solubility of the solute0 Since the solubil­

ity of a substance determines its chemical potential,, which in turn 

controls the adsorption^, the solubility factor may be of paramount 

importance. Bartell5 Thomas^ and Fu (2) have shown excellent examples 

of this by measuring the adsorption from solution of substances having 

negative temperature coefficients of solubility. It was found that 

more of the substance was adsorbed for low concentrations at T., than 

at TQS> where T̂  < 1L| but as the concentration was increased beyond 

a certain point more was adsorbed at T-,5 thus demonstrating that the 

solubility effect becomes more important than the temperature effect 

at concentrations well below that necessary for maximum adsorption,, 
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CHAPTER III 

INVESTIGATION AND RESULTS 

Ac Statement of Problem and General Approach 

The problem at hand is to evaluate critically the use of the 

adsorption of stearic acid from solution as a means of measuring the 

surface area of particulate mattery to evolve., if possiblê , improve­

ments to the present techniques used for this purpose^ and to delineate 

the limitations of present techniques., 

In order to get reproducible values by the BET procedure^, it is 

imperative that the solid be completely degassed prior to adsorption 

measurement,, For adsorption from solution,, it was found by Greenhill 

(8) and by Russell and Cochran (33) that adsorption was essentially 

the same on metals5 metal oxides5 and non-porous alumina whether the 

samples were degassed or note Gases adsorbed on the solid are appar­

ently displaced by the liquid phase (!?)<> The presence of waters 

however9 has been found to initiate chemical reactions 'with some pow­

ders. With wet powder*, Hirst and Lancaster (lU) found that the amount 

of stearic acid taken up by Cu, Fe5 Cû O,, and CuO was many times the 

amount required to give a monolayer at 18° C0 

The time required for equilibrium to be reached in the adsorp­

tion of fatty acids from solution has been reported to be very short» 

Greenhill (8) found that for the adsorption of stearic acid on various 

metals from benzenes approximately 90 per cent of the amount adsorbed 

in four hours occurred in the first five minutes. Smith and Fusek (3U)$ 



working with palmitic acid in benzene and a platinum catalyst*, found that 

the maximum amount adsorbed occurred in less than an hour« 

Adsorption isotherms are usually presented as a plot of the amount 

of acid adsorbed against the absolute concentration^ C5 of the solution,, 

Hirst and Lancaster (15) have suggested plotting^ as abscissa^ the rela­

tive concentration., C/C s where C is the saturation concentration. 
s ' o* o 

These authors showed that for adsorption of stearic acid in benzene on 

T1CL,, SiCL^ TiC^ and SiC5 essentially the same curve was obtained by 
(1) varying C while keeping the temperature (and hence C ) constant or 

(2) varying the temperature (and therefore C ) while keeping C constant, 

This is in keeping with the result obtained by Heyne and Polanyi (12)5 

that the variation with temperature of the limiting amount adsorbed 

from solution is small0 

An interesting fact brought out by isotherms plotted in this man­

ner is that in practically every case., the maximum amount of adsorption 

has occurred at fairly low values of the relative concentration» Figures 

9 through lU show adsorption data plotted in this manner0 Since in all 

cases the amount adsorbed reaches a maximum in the neighborhood of rel­

ative concentration values of 0„2 to 0„3 and remains essentially constant 

thereafter5 it could be expected that single-point determinations at 

values above this would5 in most instances., give the maximum amount of 

acid adsorbed,, If this observation is valid,, then to determine the sur­

face area it is necessary to make only one adsorption measurement, ad­

justing the amount of adsorbent and solution concentration to such values 

that the equilibrium concentration will, not be below a relative value 

of 0,3. 
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The general approach to the problem consisted of determining the 

extent of adsorption on a dried but not evacuated solid,, If the values 

so obtained differed substantially from those obtained by the BET pro~ 

cedure5 the sample was heated and evacuated to determine if better 

results were thereby obtained,, For those cases in which the relative 

concentration at equilibrium was below 0*3* the adsorption was redeter­

mined at higher values of C/C 0 

o 

For such a study 5 it is obvious that an accurate analytical proce­

dure for determining the amount of stearic acid in solution is mandatory, 

A great deal of preliminary work was devoted to an appraisal of the 

various techniques used for this purpose* 

A number of investigators have determined the amount of acid in 

solution by evaporating an aliquot of the solution to drynesŝ , and 

weighingo Russell and Cochran (33) found that slight amounts of the 

stearic acid also were lost due to evaporation^ so that a correction 

was necessary to compensate for this loss» Smith and Fusek (3U)5 

however^ reported good results with this procedure» While the errors 

due to loss of acid may not be too great~~0«5 to 1*0 per cent«~the 

time required for such an analysis is excessive (usually three or four 

hours)a 

Bo Analytical Procedures 

lo Refractometrie and spectrophotometrie techniques.^An attempt was 

made to determine the concentration change by use of a dipping refrae-

tometero This instrument was not sensitive enough to detect small 

changes in concentration* No significant absorption frequency was 



found in the range 200 to 1000 millimicrons on the Beckman model D spec™ 

trophotometer* A similar lack of success was encountered in the use of 

a flame photometer in conjunction with the Beckman model B spectrophotom­

eter • The colorimetric procedure^ proposed by Hill (13)$ which involves 

the formation of a ferric hydroxamate complex with the fatty acid was 

found to have an accuracy of ± 6 per cent., an error large enough to 

obscure completely adsorption results in many instances,, 

2e_ ^Q^j^j^ggjlj^^0^^^116 ° —"The conduc tome trie method of Maron5 

Ulevitch^ and Elder (23) was found to be satisfactory from the stand­

point of accuracy as well as speed„ This technique consisted of titrat­

ing the stearie»acid sample in 100 ml. of a $0 per cent mixture of water 

and isopropyl alcohol* The mixture was titrated with 0*1 N NaOH solution,, 

The NaOH solution was prepared by dilution of carbonate-free base 

with distilled water which had been run through a three-foot ion-exchange 

column* The NaOH was standardized against potassium acid phthalate with 

phenolphthalein indicatorB 

After the addition of small volumes of NaOH,, the resistance of 

the acid-alcohol solution was measured by use of an Industrial Instruments., 

Incoc, model RC-1 conductivity bridge with platinized platinum electrodes. 

The mixture was agitated during titration by means of an electric-driven 

stirrero The titration cell was provided with a cover to prevent exces­

sive contact of the solution with the air* The apparatus is shown in 

Figure lu The alcohol-water mixture showed a blank consumpti on of 0 to 

0«003 mill!-equivalents of NaOH per ml* of mixtureB This value was a 

characteristic of the alcohol^ varying from batch to batch„ The recip­

rocal of the measured resistivity was plotted against the volume of NaOH 
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Figure 4. Conductometrie Titration Apparatus. 
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added, The end-point of the titration is indicated by the intersection 

of the resulting straight lines* A typical plot is shown in Figure $„ 

From titration curves of solutions of known concentration the error of 

this analytical procedure was found to be 2 per cent or less, 

3, Lanffmuir trough technique.-*-It was subsequently found that the use 

of a Langrauir trough was even more satisfactory as a means of measuring 

the residual acid concentration.. This method has been used by Hutchinson 

(l6)5 Greenhill (8), and others for measuring the amount of fatty acid 

in solution* The Langrauir trough*, or hydrophil balance as it is some­

times called^ is shown in Figure 6, It consists essentially of an 

accurately machined tray provided with a fixed barrier and a movable 

barriero A Central Scientific Company balance9 Cat, No, 70^31 <, was 

used in this investigation, 

In use5 the tray is carefully leveled and filled with water or 

other liquid so that the meniscus stands well above the surface of 

the edges, The solution to be measured is placed on the cleaned water 

surface and the solvent allowed to evaporate. Advancing the movable 

barrier compresses the molecules floating on the surfaces since they 

are confined between the two barriers. The fixed barrier is attached 

to a torsion wire mounted in a frame on the trayj thus the force 

exerted on the barrier may be determined. The ends of the fixed barrier 

are connected to the edges of the trough by small flexible strips— 

usually of platinuma These strips do not exert any appreciable drag on 

the barrier5 yet prevent the surface film of fatty^acid molecules from 

slipping' past0 

The usual practice is to coat the tray with several layers of 
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Figure 6. Langmuir Trough. CV) 
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paraffin or other wax. This serves a twofold purposes (l) the menis­

cus of the water will stand much higher without danger of overflowing,, 

and (2) the molecules of acid in the surface film are thus prevented 

from adsorbing to,, or otherwise reacting with, the metal surfaces 

thereby causing erroneous results. It was found in this study that the 

wax coating was conducive to errors,, due to the fact that some of the 

solvents used dissolved small portions of the wax. When the solvent 

evaporated«, the film of wax behaved just like the acid film. To over­

come this difficulty the tray was coated with seven5 two-mil coats of 

DuPont TEFLON̂ , which has all the advantages of the wax coating with 

none of the disadvantages. The platinum strips were replaced with 

TEFLON strips 0.001-inch thick. These were more flexible and caused 

less trouble than the coated platinum strips. 

In analyzing for the amount of acid present most workers follow 

the procedure of Hutchinson (16) and Greenhill (8)9 i.e^ a known 

volume of solution is spread on the balance^ and the barrier is moved 

up until the film is under a predetermined pressure. From a knowledge 

of the pressure-area relationship of the fatty acid film (see Chapter 

II), the amount of acid on the surface can be calculated. This proce­

dure requires that the torsion wire be very accurately calibrated and 

that the temperature of the entire system be closely controlled. Fig­

ure 2 shows the pressure-area relationship for stearic acid on 0.01 N 

hydrochloric acido The effect of temperature on the molecular area of 

palmitic acid film on hydrochloric acid is seen in Figure 7«> which 

shows that although in certain ranges the temperature effect is small5 

in others it may be very appreciable* 
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Figure 7. Effect of Temperature on Molecular Area of Palmitic Acid in 
Monomolecular Film.* 

*Data f rom Markley (22). 
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In order to avoid the above-mentioned difficulties., a comparison 

method of analysis was used* With the torsion head set at such an angle 

that it would produce a force of approximately 25 cfynes per centimeter, 

a volume of known concentration was spread upon the surface. After the 

solvent had evaporated, the film was compressed till the float indicator 

was at the null position,, and the distance between the movable barrier 

and the float was noted» The surface was then swept clean, and the same 

volume of unknown concentration was spread on the surface0 Since the 

width of the tray was uniform, the ratio of the distances between the 

float and the movable barrier for the different cases was the same 

value as the ratio of the two concentrations„ The error of analysis of 

this procedure was found by measurement of known solutions to be less 

than 1 per cento 

Co Experimental Procedure and Sample Calculations 

The experiments in this study were conducted with solids that had 

been dried in a vacuum oven for at least two hours at 20 in. Hg„ vacuum 

and 110® C„ The dried material was weighed into a suitable container„ 

Early work was done with stoppered l50~ml„ Erlenmeyer flaskso It was 

found that the loss of solvent by evaporation during the experiment in 

some cases was appreciable^, and the use of screw-cap test tubes proved 

to be more satisfactory. The liners of the caps were removed and re­

placed with cork-backed TEFLON liners which afforded a very tight seal 

and also prevented the contamination of the solution due to any slight 

solubility of the plastic liners in the solvents usedo 

To the dried material in the test tube, a measured amount of 

stearic acid solution was added«> The container was mounted in a Burrell 


