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l._ Introduction: Heats of Adsorption.—A 
fundamentally important, entirely unsolved 
problem of physics and chemistry, is that of the 
distance to which the attractive field from a solid 
has an effect upon the energy of molecular inter
action with an adjacent liquid or film. The 
solution of this problem involves a determination 
of the variation of the intermolecular energy with 
the distance. This paper presents an experi
mental, though difficult, method by means of 
which the problem may be solved, together with 
experimental data for a single case, that of 
water on titanium dioxide in the form of pure 
anatase. From earlier results obtained in this 
Laboratory, many other solids should exhibit 
the same general relationship between energy 
and distance. 

Although calculations have been made of the 
heats of adsorption of gases on ionic crystals,1 

on metals,2 and on graphite,3 no calculation, 
which is even approximately correct, has been 
made of the variation of the attractive energy 
with the distance. 

2. Theories of Adsorption.—For many years 
there have been two contradictory theories of the 
ultimate thickness of adsorbed films on a solid 
subphase: (1) the monomolecular theory, the 
principal exponent of which is Langmuir, and (2) 
the polymolecular theory.38 The latter theory 
does not assume that all adsorbed films are poly
molecular, since it is evident that films of water 
on paraffin, graphite, talc and other hydrophobic 
solids may be monomolecular even at values of 
p/po nearly as high as unity. Indeed it seems 
possible in such cases that even at saturation, the 
film is either monomolecular, or, if a second layer 
is formed, it is far from completely filled. How
ever, evidence which indicates the existence of 
adsorbed monolayers on non-porous solids at 
high values of p/po is almost non-existent, since 
there seems to be not more than a single known iso
therm for a non-porous solid, that of propyl al
cohol on barium sulfate, which indicates a film 
that remains almost monomolecular up to pres
sures as high as p/po = 0.95. Presumably this 
is due to some extent to the neglect by investiga
tors of systems of this type. This isotherm is dis-

(1) F. V. Lenel, Z. physik. Chtm., BM, 379 (1933); W. J. C. Orr, 
Trans. Faraday Soc., 35, 1247 (1939); Proe. Roy. Soc. (London), 
AlTS, 349 (1939). 

(2) J. E. Lennard-Jones, Trans. Faraday Soc., M, 333 (1932); 
Bardeen, J. Phys. Rev., 18, 727 (1940); H. Margenau and W. G. 
Pollard, Phys. Rn., 60, 128 (1941). 

(3) R. M. Barrer, Proc. Roy. Soc. (London), AIM, 476 (1937). 
(3a) The prefixes mono- and poly- are adopted on account of 

prevalent usage, and not from their etymological tuitability. 

cussed later (Section 6). Langmuir's recent 
statement4 of the monomolecular nature of films is, 
that for films of argon, nitrogen, hydrogen, and 
methane, at liquid air temperatures "the amount 
adsorbed increases about in proportion to the 
pressure, but at higher pressures reaches a limit
ing value which in every case studied corresponds 
to less than a monolayer. Evidently, therefore, 
even with these cases of adsorption which involve 
merely van der Waals forces, the effective range 
of action of the forces responsible for the adsorp
tion is less than the molecular diameter, so that 
we are still clearly dealing with forces which act 
between atoms or molecules in contact." 

Many other investigators have adopted this 
general point of view, as expressed by Langmuir's 
adsorption isotherm.6 

A theory which gives an isotherm which 
indicates polymolecular adsorption, has been de
veloped by Brunauer, Emmett and Teller6 (BET) 
on the basis of the earlier work of Emmett and 
Brunauer.7 This isotherm has proved to be 
remarkably successful and will be discussed in a 
later paper of this series. 

3. Variation of the Attractive Energy with 
Distance: Thermodynamic Theory and Experi
mental Method.—We will first consider a sample 
of a crystalline powder which exhibits an area of 
1 sq. cm. The surface of the solid (quartz, 
TiOs, BaSO4, ZrSiO4, etc.) is made clean by out-
gassing at as elevated a temperature as can be 
employed without affecting the nature of the 
surface. During this operation the powder is in 
the tube H of Fig. 1. The apparatus is now 
placed in a thermostat and after thermal equi
librium is attained, the tip of the small glass tube 
T is broken. This tube contains a small amount 
of water whose weight is determined on a micro-
balance. In different experiments the amounts 
of liquid are so chosen that the final vapor pres
sures of the adsorbed films at equilibrium cover 
well the range from p = 0 (no liquid) to p/p0 = 1. 

A calorimeter (Fig. 2) which contains n' moles 
of liquid is used for the measurements of energy. 
A 36-junction copper-constantan thermel with 
a sensitivity of 2 X 10~6° was employed. For 
the sake of simplicity the equations are developed 
for an amount of powder which has an area of 
1 sq. cm. The processes (Fig. 3) are as follows: 

(4) I. Langmuir, / . Clum. Soc, 511 (1940). 
(5) I. Langmuir, THIS JOUKNAL, 40, 1361 (1918). 
(6) S. Brunauer, R. H. Emmett, and fi. Teller, ibid., 60, 309 

(1938). 
(7) For reference! to these and other papers on adsorption, see 

S.'Brunauer, "The Adsorption of Gases and Vapors," Princeton Uni
versity Press, Princeton, N. J., 1943. 
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Fig. 1.—Simplified diagram of apparatus for the adsorp
tion of water vapor on a finely divided crystalline solid in 
six bulbs (F). The water is weighed in the tube H before 
adsorption and adsorbed on the solid in the bulbs. G is a 
piece of soft iron used for breaking off the point of the tube 
H, and B is a gas filled bulb used for the determination of 
the free volume of the remainder of the apparatus up to 
the stopcocks C and D. 

first step, the powder, with an area of 1 sq. cm., 
on which area n moles of liquid has been adsorbed 

a t a value of pi pa g 1, 
is immersed in the liq
uid. The change (AH) 
in the value of the Gibbs 
heat function (en
thalpy) which accom
panies this proccess is: 

AHi = -/'E(StI.) (1) 

where E indicates the 
process of emersion, 
which is the opposite of 
immersion, h indicates 
the increase in the value 
of enthalpy per unit 
area, and £<stL) indi
cates the emersion of 
the solid, covered by its 
film, from the liquid. 
Second step: since by 
the actual process (im
mersion) n moles of 
liquid have been added 
to the n' moles initially 
present, this amount of 
n moles is now evapo-

Now for this step 

Mh = n\ (2) 

where X is the molar 

Fig. 2.—Calorimeter. T, 
36-junction thermel; H, heat
ing element; G, inlet for rated from the liquid 
liquid; C, stopcock; X, chim
ney to give better circulation 
of powder; I, opening for 
introduction of powder. For , , , 

.„ i:„„i,4„ •»,<> „„i latent heat of vaponza-non-aqueous liquids the cal- . , , \. ., 
orimeter used is shown by * ? n . ° / * « 1 1 ^ f 
Boyd and Harkins, THIS Third s tep: the sample 
T *A n m /IC,AO\ of powder is now 
JOURNAL, 64, 1191 (1942). i r ^u r -J 
J emersed from the liquid 
into a vacuum, carrying no film with it, so 

AH, - AE(SL) (3) 

I t is obvious tha t this process must be carried 
out in the reverse direction, i. e., by immersion 
instead of emersion, so gi(so = AE(SD, where 
gi(SD is the heat evolved in the process of im
mersion. 

EQUIVALENT PROCESS 

I CM2 SOLID WITH 
n MOLES VAPOR 

n' MOLESOFLiQUID-

Fig. 3.—Steps 1, 2 and 3, by means of which a solid with 
an area of 1 sq. cm., with n moles adsorbed on the surface, is 
transformed into n moles of vapor and the solid in a vac
uum. The equivalent process involves merely the desorp-
tion of the n moles from the surface. 

As the effect of the summation of these three 
processes the solid of area 1 sq. cm., covered by 
a film of n moles in equilibrium with vapor at a 
pressure p, is converted into the solid with a clean 
surface and n moles of vapor. Thus the complete 
process corresponds to the desorption of n moles 
of vapor from 1 sq. cm. of surface of the solid, so 
the increase of enthalpy on desorption [/JDCVS.)] 
is given by the summation of the three terms or 

Now 

and 

1JD(VSf) = ^E(SL) - /!E(SfL) + n\ (4) 

/'E(SL) = AS - As L (5) 

/»E(sfL) = fa, - fax, (6) 

Substitute (5) and (6) in (4), which gives 

*D(VS<) = A8 - As, + n\ (7) 

Now, since in general if y represents the free sur
face energy 

A = 7 - T(dy/dT)p,s (8) 

AD(V8 ,) = Vs - Ts, - T (j?2 - - — ' ^ + n\ (9) 

In cal. g . _ 1 Eq. 7 may be written 

HD(VS1) = - ^E(SL) - #E(s fL) + n'\ (10) 

where n' is now the number of moles adsorbed 
per gram. HE(SL) is the heat of emersion of the 
clean powder from the liquid in cal. g . - 1 , and 
HB(SSI.) is that for 1 g. of solid on whose surface n' 
moles of vapor has been adsorbed. In cal. m o l e - 1 

H0(VS,) = ~, [^E(BL) ^E(S1L)] + X ( H ) 
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These equations are applicable to porous as well 
as n on-porous solids. 

The relationship used universally in the litera
ture is incorrect, even though it is believed to 
be applicable only at saturation 

WD(VBI) - WB(BL) + n'\ (A) 

For example, the correct equation applied to 
the data of Razouk8 gives a heat of adsorption 
(<7a) of 9.9 cal. g."'1 for methyl alcohol on charcoal 
at 13.5% of saturation, while the incorrect equa
tion (A) gives ga = 22.4cal. g . _ l . 

y free surface energy 
7B the free surface energy of the clean solid (ergs cm.-*) 
78f the free surface energy of the solid with adsorbed film 
X heat of vaporization (cal mole '*) 
S area 

4. Variation of Energy of Interaction with 
Distance from the Surface of the Solid.—For the 
experimental work a sample of pure non-porous 
titanium dioxide in the form of anatase was 
used. This is oil free, not surface treated, and 
its cell constants have been determined as a = 
3.77 A. and c = 9.49 A. while Wyckoff gives 
a = 3.78 A. and c = 9.50 A. A part of this 
same sample was photographed by the use of an 
electron microscope (Fig. 4). 

The area of this sample is 13.8 m . 2 g . - 1 as deter
mined by our absolute method. This consists 
in adsorbing a duplex film of water on the surface 
in saturated water vapor, and then immersing 
in water in the calorimeter. The heat developed, 
expressed in ergs, when divided by 118.5 erg cm. - 2 , 
the surface energy- of water at the temperature 
employed, gives the area of the powder. A very 
small correction is made for the known thickness 
of the duplex film. The area of this same sample 
when calculated by the use of the isotherm of 
Brunauer, Emmett and Teller,8 and of Emmett ' s 
value of IG.2 sq. A. for the mean area of the 
nitrogen molecule, is 13.9 m. 2g. - 1 , or a differ
ence of less than 1% between the results of the 
two methods. 

The isotherms of water on this anatase at 25° 
and of nitrogen at —195.6° are exhibited in Fig. 
5, while Fig. 6 and Table I give the relationship 
between the energy of emersion of the solid from 
water at 25°, and the amount of water left on 
the surface of the solid. For the emersion of 
the dry solid the energy is 512 erg cm.~? . 

The relationship between the energy of desorp-
tion of water to give a dry surface, with the 
number of moles per sq. cm., is exhibited in Fig. 
7, as calculated by Equation 4, while Figure 8 
gives values for the molal heat of desorption of 
the vapor as a function of the weight of water 
adsorbed. 

These figures give in addition the thickness 
(T) of the films in A. These are calculated on 
the basis of the assumption tha t the mean density 
of the film is the same as that of the three dimen-

(8) R. I. Razouk. / . Phyt. Chtm., 45, 190 (1941). 
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Fig. 4.—(a) Electron microscope photograph (X 14,600) 
of a TiOj (anatase) powder of area 13.8 sq. m.g._ l by our 
absolute method, and 13.9 sq. m.g. - 1 by the method of 
Brunauer, Emmett and Teller on the basis of the assump
tion that the mean area per Nj molecule is 16.2 A.* (Em
mett). (b) The same (X 14,600) for TiO, of area 8.7 sq. 
m.g. - 1 . (Photographs by E. F. Fullam, Interchemical 
Corporation.) 

TABLE I 

ENERGY OF EMERSION OF TITANIUM DIOXIDE (ANATASE) 

FROM WATER AT 25° AS A FUNCTION OF THE THICKNESS 

OF THE WATER FILM WITH WHICH IT EMERGES 

i 
mg. H j O g . - ' 

in film 

0 
0.648 
0.953 
1.68 
1.99 
2.60 
3.15 
3.68 
4.95 
5.86 
8.66 

11.86 
14.20 

Saturated 

" AE(BL)-

(1) This was determined by weighing the solid before 
and after adsorption. 

(2) The mass obtained in (1) is divided by the density of 
the liquid, which gives the volume the film would have in 
the uncompressed state. The volume (V) divided by the 
area (S) of the solid gives T the thickness. 

(31 This is the quantity of heat developed by immersion 
of the solid in water in the calorimeter, divided by the 
area (X). 

Mean thickness0 of 
film in A., T 

0 
0.4 
0.7 
1.2 
1.4 
1.9 
2.3 
2.7 
3.6 
4.2 
6.3 
8.6 

10.0 
>15 .0 

Energy of erg 
cm. "» AE(B(L) 

512° 
399 
366 
289 
279 
210 
190 
172 
142 
139 
127 
125 
122 
119 
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Fig. 5.—Isotherms of nitrogen at —195.8° and water at 
25°. The number of molecules adsorbed at any (not too 
high) given value of p/po is practically the same. How
ever the nitrogen molecules are larger than those of water, 
so the nitrogen films are thicker (see graph) than those of 
water. At saturation the nitrogen film is much thicker. 
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Fig. 6.—-Thickness of the water film and the energy of 
emersion per sq. cm. of the surface of TiO2 (anatase). 
The weight of water adsorbed per gram of anatase is 
also given. 

sional liquid at the same temperature. Ob
viously this cannot be quite correct, but it should 
become more nearly correct as the film thickens. 
There is also involved the assumption that the 
thickness is uniform over the whole surface. 
The mass of the film was determined by weighing 
in all cases in which the energy was determined. 
The total amount of water adsorbed is sufficient 
to allow this to be done. 

Figure 5 indicates that at saturation at 25°, 
the thickness of the adsorbed water film is some
what greater than 15 A., (or 5 molecules of water) 
since it has this thickness at the last point which 
represents a pressure below saturation. The 

amounts of water adsorbed for this isotherm were 
calculated from the volume of vapor. 

4000 

3000 

2000 
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0 10 20 30 40 50 60 70 
Moles H2O adsorbed per sq. cm. (XlO10). 

Fig. 7.—Variation of the energy of emersion per sq. cm. 
of area of TiOj (anatase) with the weight of water vapor 
adsorbed. 
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Fig. 8.—Decrease in the energy of desorption, in calories 
per mole of water, from the surface of TiO2 (anatase) as 
a function of the weight of water adsorbed. 

5. Variation of the Energy of Desorption 
with the Number of Molecular Layers.—It is of 
interest to estimate the variation of the molar 
energy of desorption with increase in the number 
of molecular layers (Table II). 

The increase in the energy of vaporization of 
water by the presence of the adjacent solid is 
given in column 4. Thus the vaporization of 
the first molecular layer requires 6550, the second 
1380, and the third 450 cal. mole -1 more energy to 
vaporize than if water alone were present. Thus 
these values give the increase in molecular inter
action due to the presence of the solid. 

The theory of Brunauer, Emmett and Teller 
was used to calculate the number (N) of mole
cules in the monolayer (1) next to the surface of 
the solid. It was assumed as the basis of the cal-

WATf.fi
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TABLE II 

MOLAR ENERGY OF DESORPTION OF MOLECULAR LAYERS OF 

WATER FROM THE SURFACE OF TITANIUM DIOXIDE (ANA-

TASE) 
1 2 3 4 5 

Internal Internal 
energy of energy of "D(VnS) — Ai 

Number desorption, vaporiza- or Theory of 
o f cal. mole i, tion of Ea - EL exponen-

layer HD(V 0 S) water, Xi determined tial decay 

1 16450 9900 6550" 6550 
2 11280 9900 1380 1637 
3 10350 9900 450 409 
4 9980 9900 80 102 
5 9940 9900 40 (?) 26 

Sum of all above 5 30 (?) 
Column 2 gives the energy of desorption for a whole 

layer, when all of the lower layers are complete. 
Column 3 gives the internal energy of vaporization which 

does not include the work done. 
• The BET theory gives a value for E1-JSL of 2100 cal. 

mole-1. 
culation that the number of molecules in each 
higher layer is also equal to N. The values ob
tained by the application of this theory indicate 
that the water molecules in the first layer (1) 
are somewhat loosely packed, at 25°, while at 
— 195.8° nitrogen molecules (which are larger) 
are more nearly in contact. 

The values of column 4 suggest an exponential 
decay in the energy of desorption. In column 5 
it is assumed that the value of 6550 cal. mole-1, 
as given in column 4 is correct, and that the 
energy for any other layer is one-fourth of that of 
the layer just beneath it. In general this gives 
the same rate of decay as that exhibited by the 
experimental values but it may be noted that 
these latter are lower for even layers and higher 
for odd layers, than corresponds to the exponential 
decay. This is just what would be expected if the 
more polar part of the water molecules is turned 
toward the solid in the first layer, away from it in 
the second, toward it in the third, etc. This 
is exactly the type of orientation exhibited in 
built-up multilayers of polar-non-polar molecules. 
Unfortunately, the values of column 4 do not 
have sufficient accuracy to prove that this alter
nation in orientation actually occurs. 

6. Discussion: Polymolecular Films.—The 
important relation brought out in Section 4 is 
that for water on a non-porous crystalline 
"polar" solid (anatase) the attractive energy 
exhibits an essentially exponential decay. The 
term "polar" solid is used because a better term 
has not, as yet, been introduced. The term is 
used to designate solids, such as quartz, etc., 
whose molecular interactions may be considered 
to exhibit not too small relative intensities of both 
dispersion forces and those due to segregated 
electrical charges, in addition to repulsive forces. 
On such solids the curve which represents the 
decrement ( — A T = A7r) of free surface energy 
due to a film of nitrogen at —195.8° has the 
same form (with smaller magnitudes) as that for 

water at 0°. The film of nitrogen attains, very 
slightly below saturation, a thickness of 36 A., 
while for water, as cited earlier, the value is 
15 A. On the whole it does not seem improbable 
that nitrogen, a non-polar adsorbate, also may 
exhibit an essentially exponential decay of the 
attractive energy. 

The saturated film of butane at 0° on this same 
solid, is 64 A. thick, so it is not essential to use a 
polar adsorbate in order to have a highly poly
molecular film. However, it is true that the 
butane molecule has a high polarizability. While 
the water film attains a thickness of about 5, 
and that of nitrogen about 10 molecular layers, 
the number for butane cannot be specified, 
since in its first monolayer the molecules lie flat, 
while near the outer surface of the film they 
must have much more nearly the type of orienta
tion exhibited by the surface of liquid butane. 
If the thickness of this film is to be specified in 
molecules as units all that can be said is that 
its thickness is of the same general order as that 
of nitrogen (10 molecules). 

It is of interest to note in connection with 
the discussion of the two preceding paragraphs, 
that with the particular sample of titanium di
oxide used for this work the adsorption isotherms 
for nitrogen at —195.6° and water at 25° are 
practically identical except possibly very close 
to saturation, both in form and the volume of gas 
adsorbed (Fig. 5). 

Thus the writers have obtained entirely defi
nite evidence that adsorbed films of water, 
nitrogen, and butane on titanium dioxide in the 
form of anatase are highly polymolecular, with 
thicknesses of 15, 36 and 64 A., respectively, at 
pressures just below saturation. We believe 
that these are correct thicknesses for pressures 
very slightly below saturation, except that the 
thickness of the water film may be greater than 
15 A. As has been specified these values express 
the volume of the liquid at the given tempera
ture divided by the area, as determined by the 

_area of the surface of the solid. If the film has a 
"density higher than the three dimensional liquid, 
then these values in actual angstrom units are 
that much too high, but in terms of molecular 
diameters the values are not affected. 

No uncertainty is introduced by the value of 
the area which is employed for the calculation, 
since the determination of area was made by our 
absolute method. This method is based upon 
the premise that water on anatase forms a film 
sufficiently thick to be duplex, i. e., the surface 
of the film is sufficiently thick to give inappreci
able (experimentally) interaction between the 
outermost layer of the film and the solid. Thus 
the surface energy of the outer part of the film 
is supposed to be the same as that of water at the 
same temperature. That this is true within the 
limits of experimental error is shown by the fact 
that as the thicker films thicken there is no de-
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tectable decrease in the energy of immersion. 
Thus, for the first time, certain evidence has been 
obtained for the highly polymolecular character 
of certain adsorbed films. As mentioned earlier, 
no attempt is made here to prove the non-ex
istence of monomolecular adsorbed films at high 
values of p/p0 that are less than unity. 

Monomolecular films of stearic acid are formed 
by adsorption of the acid at the interface be
tween dry benzene and Ti02 (anatase) such as that 
used in this investigation. In fact, even the 
monolayer is loosely packed, since only about 70% 
as much stearic acid is adsorbed as the amount 
required for close packing. 

The writers have considered it important to 
obtain definite evidence, already presented in this 
paper, which shows that by the adsorption proc
ess alone films taken up from vapors on the sur
faces of solids become highly polymolecular at 
the higher values of p/po, provided the contact 
angle between the solid and the liquid is zero. 
That this point of view is not universal among 
specialists in the field of adsorption, is shown 
by a recent statement by Brunauer,9 who is, 
himself, an enthusiastic supporter of the theory 
of polymolecular (multimolecular) adsorption: 

"Many advocates of the capillary condensa
tion theory maintain that adsorption in porous 
bodies is largely due to capillary condensation, 
although they do not deny the existence of uni-
molecular adsorption. The two schools (uni-
molecular and capillary condensation) of thought 
meet on a common ground, namely, that ad
sorption on a plane surface where capillaries do 
not exist must be unimolecular." 

Since Langmuir is the principal advocate of 
the uni- or mono-molecular theory, it is important 
to consider his point of view, as presented in the 
following quotations10: 

"The theory requires that in typical cases of 
true adsorption the adsorbed film should not 
exceed one molecule in thickness. This is con
trary to the usual viewpoint. The discrepancy 
is accounted for by the fact that nearly all in
vestigators have worked with, porous bodies in 
which the adsorbing surface is indeterminate, or 
have used nearly saturated vapors so that con
densation of liquid occurred in capillary spaces. 
Others have mistaken solution or absorption for 
adsorption. 

"With gases or vapors at pressures much below 
saturation the surface of a solid tends to become 
covered with a single layer of molecules. The 
reason for this is that the forces holding gas mole
cules (or atoms) on to the surface of solids are 
generally much stronger than those acting between 
one layer of gas molecules and the next. When 
the vapor becomes nearly saturated, however, 

(9) S. Brunauer, "The Adsorption of Gases and Vapors," Vol. I. 
Physical Adsorption, Princeton University Press, Princeton, N. J 
1942. ;;J 

(10) I. Langmuir, THIS JOURNAL, 40, 1401 (1918), also J. Chtm. 
Soc, 511 (1940). 

the rate of evaporation from the second layer 
of molecules is comparable with the rate of con
densation so that the thickness of the film may 
exceed that of one molecule." 

Since the experiments of the authors and of 
others show that most of the known films on 
non-porous solids are polymolecular at values of 
p/po greater than 0.3 or less, the above concep
tion of Langmuir cannot be used as the basis of 
any general theory of adsorption. 

Capillary Condensation Theory.—The mono
molecular theory of adsorption on solids receives 
support at the present time only because the 
apparent discrepancies which it introduces are 
explairfed away by the theory of capillary con
densation. Undoubtedly this phenomenon is 
prominent in highly porous solids, but it does 
not contribute as much to the "sorption" as is 
assumed by the adherents of this theory. 

Indeed, at high relative pressures, the total 
amount adsorbed is commonly greater per unit 
area on a plane surface, where the high value 
cannot be explained by the assumption of capil
lary condensation, than the total amount of "sorp
tion" for the same area exhibited by a porous 
solid. The explanation of this fact is simple: 
the adsorption in pores is limited by the growth 
of the film from all sides of the pore. In the 
simple case of a pore with parallel plane walls 
the "film" cannot be thicker than half the dis
tance between the walls. When the values for 
the thicknesses of films of water, nitrogen, and 
butane given in this paper are considered, it is 
evident that many of the smaller pores in a silica 
gel or a catalyst of high area, would become com
pletely filled by adsorption even if capillary con
densation were absent. 

That capillary condensation, as suggested by 
Zsigmondy,11 plays an important part in the sorp
tion, is undoubtedly true. However, the assump
tion by others than Zsigmondy that this phenom
enon is responsible for all of the material taken up 
from a vapor by a porous body, with the excep
tion of a single monolayer, is certainly false. 
If this assumption had not been made, the mono
molecular theory of adsorption could not have 
survived up to the present time. 

7. Monomolecular and Slightly Thicker Films 
on Solids.—It is shown earlier in this paper that 
almost all of the films on non-porous solids thus 
far investigated begin to lose their monomolecular 
character at a relatively small value of p/p0 which 
is of the order of 0.08 to 0.12 for nitrogen at 
-195.6° and of 0.15 to 0.25 for w-butane at 0° and 
for water at 25°. 

If it is desired to find a film which remains in 
the monomolecular state up to high values of 
p/po when adsorbed on a polar solid, it would 
seem that the choice of a substance whose mole
cules are polar-non-polar, would be a good one. 
Thus molecules of an alcohol should, in the first 

(11) R. Zsigmondy, Z. anorg. Chem., 71, 356 (1911). 
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monolayer, be oriented with their long axis per
pendicular to the surface of a polar solid and 
with the polar group toward the solid. This 
leaves the hydrocarbon chains, which resemble 
paraffin, and which exhibit little attractive energy, 
on the outside. It would seem that this would 
give a good chance of obtaining a film which 
remains monomolecular up to high values of 
p/pa. However, the presence of the polar group 
makes the position of the molecule highly de
pendent on the surface lattice of the crystal used 
for adsorption, which should on this account give 
variations in the thickness of the adsorbed film. 

As mentioned earlier (Section 2) the only sys
tem which the writers know, that exhibits mono
molecular adsorption on a non-porous solid, is 
propyl alcohol on barium sulfate. The area avail
able per molecule of the alcohol, and the mean 
thickness of the films are given in Table I I I as a 
function of the relative vapor pressure (p/po). 

TABLE I I I 

PROPYL ALCOHOL F I L M S ; MONOMOLECULAR ON BARIUM 

SULFATE UP TO p/po = 0.9; DO NOT COMPLETE THEIR 

SECOND LAYER ON TiO2 AT p/pt> = 0.8, AND COMPLETE 

T H E I R SECOND LAYER ON QUARTZ AT p/pu = 0.7. 

p/p> 

0.15 
.2 
.4 
.6 
.8 
.88 

BaSOi 
Area per Film 
molecule, thick-

A.s ness, A. 

22.5 4.3 
21.6 4.5 
20.6 4.7 
19.6 5.0 

TiOi (Anatase) 
Area per Film 
molecule, thicfc-

A.' ness, A. 

18.7 5.2 
17.3 5.7 
15.9 6.1 
14.5 6.7 
12.9 7.6 

SiOi (Quartz) 
Area per Film 
molecule, thick-

A.2 ness, A. 

End of monolaye 
16.8 
14.3 
11.8 
7.6 

5.8 
7.0 
8.2 

12.8 

.90 19.1 5.1 Values calculated from the data pi 

.95 16.6 5.9 H. K. Livingston, Ph.D., thesis, 

.99 11.2 8.7 University of Chicago, Dec , 1941. 

The lattice constants of these three types of 
crystalline solids indicate that the first mono
layer of propyl alcohol should exhibit at a given 
vapor pressure, the most loose packing on barium 
sulfate, the tightest on quartz, with that for ana
tase intermediate. 

The end of the monolayer on the surface of the 
solid occurs at a relative pressure (p/po) of about 
0.9 (which is very high) with barium sulfate, at 
about 0.2 with anatase, and about 0.15 with 
quartz. With quartz the second layer is com
pleted at a relative pressure of about 0.7. Since 
there is no known method of determining at just 
what pressure the second layer is actually com
pleted, it is assumed that when the first mono
layer is completed the propyl alcohol molecules 
are closely packed, and the same assumption is 
made for the second layer. Thus where the area 
per molecule adsorbed is equal to that which a 
propyl alcohol molecule should exhibit in per
pendicular orientation, it is considered that the 
film is a monolayer, and if the mean molecular 
area is half as large, the film is assumed to be two 
molecules thick. 

While the literature contains a very great 
number of isotherms which represent the ad
sorption of vapors upon the surfaces of solids, 
it is unfortunate that most of these isotherms 
were obtained with porous solids, where adsorp
tion and capillary condensation are inextricably 
mixed. It is also unfortunate that a large 
percentage of the work on non-porous solids has 
not been carried to saturation of the vapor. Thus 
the literature gives almost no data which help 
in the development of a theory of adsorption un-
contaminated by the effects of capillary con
densation. 

8. Theory of Adsorption.—This paper has 
considered the decrease in the surface enthalpy 
which occurs when a film of any thickness is 
adsorbed upon the surface of a solid. This de
crease of enthalpy is equal, within the limits of 
experimental accuracy, to the decrease (— AE) in 
surface energy. In the case investigated the 
angle of contact between the solid and liquid is 
zero. In such a case the amount of vapor ad
sorbed increases very rapidly with pressure at the 
lower values of p/po-

The relations are very different with a system 
such as that of water on graphite or on paraffin, 
which exhibit contact angles of 85.5° and 105 
to 111°, respectively. There seem to be no 
carefully determined adsorption isotherms for a 
case of this type. A sample of graphite used with 
water in this Laboratory was found later to con
tain about 10% of ash, which may have greatly 
distorted the adsorption isotherm. With pure 
graphite the adsorption isotherm should be of 
Type III (convex to the pressure axis). 

With films of this type the amount adsorbed 
increases with extreme slowness with pressure at 
low relative vapor pressures. The simplest 
explanation of non-spreading of the liquid in such 
a case would be to assume that even close to satu
ration the surface of the graphite (or paraffin) is 
sparsely populated by water molecules, and that 
there are many holes of molecular dimensions 
in the water layer. This gives so few points of 
attachment for the liquid water that the latter 
does not spread. 

The theory of adsorption may be stated very 
simply as follows: Adsorption in any closed sys
tem which contains a solid and a vapor continues 
as long as the process can occur with a decrease 
of the Helmholtz free energy (A), while at con
stant pressure the condition is the same with 
respect to the Gibbs free energy (F). Since for 
unit area of the solid the decreases of free energy 
on adsorption is represented by 

— A f = — A-y = Tr 

the value of the film pressure (T) gives the de
crease in free energy per unit area. It is not at 
all difficult to calculate ir at any vapor pressure 
(P) if data are available for the adsorption isotherm 
at all pressures below p down to sufficiently low 
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pressures. This is done by the method of 
Bangham.12 

By a consideration of this free energy decrease 
on adsorption, and a simple assumption, a method 
has been developed for the determination of the 
area of a solid from an adsorption isotherm. 

The free energy changes involved in adsorption 
will be treated in a later paper of this series. The 
free surface energy of decrease (x) of the surface 
of a solid increases with increase of thickness of a 
film upon it. Since x = — AY, the free surface 
energy decreases with thickness of the film. 

From our calorimetric measurements the de
crease of internal or "total" surface energy 
(Es — Es1) = (hs — hst) may be calculated. 
The values of this quantity, together with the re
lated values of the decrease of free surface energy, 
and of the latent heat [T(ss — sst)], where s 
is the entropy, are represented in Fig. 9. 
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Fig. 9.—Lowering of the surface energy of TiO8 (anatase) 
by an adsorbed water film. The lowering of the total 
surface energy is es — est, of the free energy r = 7s — yst, 
and of the latent heat 1 = T(ss — ssi), where s is* the 
entropy per unit area. 

All of these quantities increase very rapidly 
at first with the amount adsorbed, but the free 
energy changes much less rapidly than either the 
total surface energy (E) or the latent heat (Z = 
TS). I t should be kept in mind that increases in 
the values of these quantities, which give the 
effects of the film on the surface of the solid, 
represent decreases in the'Surface energy of the 
solid. Thus the maximum in the curve for latent 
heat in Fig. 9 represents a minimum latent heat 
for the film covered surface of the solid. This 
minimum begins at approximately the end of the 
adsorption of the first monolayer, and the be
ginning of the deposition of the second layer. 

9. Absence of an Effect of Closer Packing 
upon the Amount of Butane Sorbed at High 
Relative Vapor Pressures (Note: Added Decem-

(12) D. H. Bangham, Trans. Faraday Soc., SS, 80S (1937); 
Bangham and Razouk, ibid.. SS, 1463 (1937); Proc. Roy. Soc. (Lon
don), A166, 572 (1938). 

ber 15, 1943).—In our work on the adsorption of 
butane and other vapors there had been no 
attempt to pack the powder tightly, so it was 
deemed advisable to determine whether a tighter 
packing would increase the amount of vapor taken 
up. If capillary condensation is an important 
factor in the process of sorption, then a significant 
increase should accompany the tighter packing. 

An electron microscope photograph of the 
anatase used in this work was obtained at a 
magnification of 45,000 and this shows that it 
consists largely of aggregates. These give a 
very loose packing of the powder in the glass 
bulb where the sorption takes place. Thus with 
the ordinary type of packing in the bulb of 27 
cu. cm. capacity, it was found in one experiment 
that only 3.78 cu-. cm. of anatase was present, and 
this is approximately the average amount found. 
It is simpler to consider the volume of anatase 
per cu. cm. of capacity of the bulb. This amounts 
to 0.14 cu. cm. or 14%, so that the free space is 
0.86 cu. cm. or 86%. Of this free space between 
0.0429 and 0.0527 cu. cm. is filled up by "liquid" 
butane. Here 0.068 cu. cm. is the highest value 
attained at a pressure below that of saturation, 
and 0.078 cu. cm. is a value obtained at satura
tion. As usual the volumes given for the ad
sorbed film of butane do not represent its actual 
volume, but that of the same mass of liquid 
butane at —0.3° and 760 mm. pressure. 

Later, additional anatase powder was packed 
in the bulb by tapping the bottom of the bulb on 
the wooden top of a desk until no tighter packing 
could be obtained by this means, when 4.61 cu. 
cm. of anatase was found to be present. The 

O.i 1.0 0.9 
P/Po-

Fig. 10.—Effect of change of spacing between crystals 
and crystalline aggregates upon the amount of butane 
adsorbed at high relative pressures. Black circles indicate 
tighter packing, and open circles looser packing. Within 
the limits of experimental error the two curves are iden
tical and no effect of packing is indicated. The dotted 
lines indicate the amount adsorbed at p/pt, = 1.0. 
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new volume relations were per cm.3: 0.171 cu. 
cm. of anatase in the vacuum, 0.829 cu. cm. of 
free space. The volumes of butane, calculated 
as liquid taken up just below and at saturation, 
were 0.0580 and 0.0673 cu. cm., respectively. 
These values are higher than for loose packing on 
account of the greater mass and area of the 
powder in the bulb. 

The two adsorption isotherms for the looser 
and tighter packing, as given in Fig. 10, are the 
same within the limits of experimental error and 
give no evidence that the tighter packing in
creases the amount of butane sorbed. This 
might not be the case if the butane vapor in the 
bulb were kept extremely close to saturation for 
a very great length of time. In the determina
tion of adsorption at lower pressures the time is 
extended until equilibrium is attained. For 
the highest pressures indicated there was no 
change of pressure (0.1 mm. can be detected 
with certainty) in four hours at p/po — 0.9990 for 
the more tightly packed sample, and no change 
in fourteen hours at p/p0 = 0.9976 for the more 
loosely packed sample. From this evidence it 
seems that capillary condensation cannot play 
any significant role. 

While this paper deals principally with ad
sorption on a single solid, the writers have deter
mined similar adsorption isotherms for more than 
one hundred solids, and have obtained equations 
for the isotherms which represent the behavior 
of condensed, intermediate, expanded, and gase
ous films on solids. Two condensed phases have 
been discovered, so that we have now found five 
phases in films on solids. Some of these equations 
give remarkably accurate values of the area of the 
solids. 

Summary 
1. Almost all of the films adsorbed on the 

surfaces of non-porous solids, which have been 
investigated thus far, are highly polymolecular 
at vapor pressures very slightly below saturation. 

2. For the first time, a determination has been 
made of the effect of distance on the intermolecular 
attraction (in energy units) between a solid and 
an adjacent liquid or adsorbed film. This energy 
of interaction is found to suffer a decay which is 
essentially an exponential function of the distance. 

3. At 25°, the energy of vaporization of water 
is 10540 cal. mole -1. If, however, the water is 
in the form of a monolayer on the otherwise clean 
surface of crystalline titanium dioxide (as ana
tase) the heat of vaporization is increased by 
62%, or by 6550 cal. mole-1. For the second 
layer this is reduced to a 13% increase, or 1380 
cal. mole-1, for the third to 4%, or 450 cal. 
mole-1, while for the fourth and fifth layers, the 
values are of the order of 80 and 40 cal. mole-1. 
These energy values indicate that the film of 
water adsorbed on titanium dioxide (anatase) 
should attain a minimum thickness of 5 molecular 
layers before saturation of the vapor is attained. 

Measurements of the thickness of the film just 
below saturation show that this is justified, since 
the thickness attained is over 15 A. (five molecular 
layers). The measured thickness attained is 
36 A. or 10 molecular layers for nitrogen at 
— 195.6°. Non-polar adsorbates attain consider
able thicknesses. Thus w-butane at 0° attains 
a thickness of 64 A., while the thickness of the 
first molecular layer is only about 4 A., since the 
molecules lie fiat on the surface. However, in the 
sixth or seventh layer, the degree of orientation 
should be small, and in the surface of the film 
should exhibit practically the same orientation 
as that in the surface of liquid butane at the 
same temperature. The thickness of this film 
is about 11 or 12 molecules. 

4. The results obtained are contrary to Lang-
muir's theory of the general occurrence of mono-
molecular adsorption at vapor pressures moder
ately close to saturation. They also show that 
the combined monolayer plus capillary conden
sation theory, upheld by a large number of the 
workers in this field, is incorrect. They do not 
show that monomolecular adsorption cannot 
occur, nor are they in opposition to the idea that 
capillary condensation may occur in porous solids. 
They do show that adsorbed films on plane sur
faces commonly attain greater thicknesses than 
in porous solids. However, this should not be 
the case for water on hydrophobic solids, nor is 
it true for propyl alcohol on barium sulfate. 

5. The theory of adsorption favored by these 
results is in agreement with the general picture 
indicated by the multimolecular theory of 
Brunauer, Emmett and Teller (BET). How
ever, we show the incorrectness of one of the 
primary assumptions in their more simple theory: 
that the energy of vaporization of the second ad
sorbed layer is no greater than the energy of 
vaporization of the liquid, or E2 = E L . This is 
not offered as an adverse criticism of their theory, 
since this assumption was introduced by them in 
order to obtain a simple, two-constant adsorption 
isotherm. The areas given by their simple 
theory are surprisingly good, but the energy 
values (Ei - £L) are much too low. (The BET 
theory gives a value for E\ — E^ of 2100 cal. 
mole -1 while our experimental result corresponds 
to 6550 cal. mole-1.) The great usefulness of 
their isotherm lies in the fact that it is the first 
and only method for the calculation of the number 
of molecules in a complete monolayer when the 
isotherm is of the sigmoid (S) or common type. 
The Langmuir equation also gives the number of 
molecules, but with non-porous solids there seems 
to be, unfortunately, only one known case to 
which it can be applied. 

6. Evidence is presented which indicates that 
capillary condensation does not play any signifi
cant role in the sorption with a crystalline powder 
of the type used in this work. 
CHICAGO, ILLINOIS RECEIVED NOVEMBER 29, 1943 


